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1. Introduction 
 
1.1 Seafood importance. 
 
Seafood consumption has been associated with many health benefits, such as reduced risk of 
coronary heart disease and improved neurodevelopment. Additionally, seafood is a source of 
essential nutrients, retinol, vitamin D, vitamin E, iodine and selenium (Hellberg et al. 2012). 
Moreover, three quarters of the world population lives close to coastal regions, making 
seafood a significant percentage of the high quality protein consumed by many different 
countries (Gill et al. 2003). Projections show an increase in the European demand for seafood 
products to 2030. The average per capita consumption by the 28 European countries will 
move from 22 kg/caput/year in 1998 to 24 kg/caput
-1
 in 2030 (Failer et al. 2007). Therefore, 
special attention has to be paid to this food source because it may also be contaminated with 
components present in the aquatic environment such as marine toxins.  
1.2 Marine biotoxins and harmful algal blooms 
 
Phytoplankton play a key role in the primary production and ecology in fresh and sea water. 
However, several phytoplankton species are able to produce biotoxins and are naturally 
occurring around the globe. The most common toxin producers are several dinoflagellates and 
diatoms, such as Alexandrium spp., Prorocentrum spp., Gymnodinium, Dinophysis spp., 
Pyrodinium, Gonyaulax and Pseudonitzchia spp. Production of toxins by these species of 
phytoplankton has been proposed as a strategy to deal with a broad range of predators, 
competitors and parasites. However, it is suggested that planktonic evolution is ruled by 
protection and not competition. The large numbers of shapes of plankton reflect defense 
responses to specific attack strategies.    
Fossil evidence (cysts) showed dinoflagellates with a long geological record (hundreds years) 
(Hackett et al. 2004). Most dinoflagellates are unicellular, which live in the surface waters 
either of the sea or fresh water. Actually, dinoflagellates are divided phylogenetically in 
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several main groups such as gonyaulacales, dinophysiales, peridiniales, prorocentrales, 
suessiales and gymnodiniales (Orr et al., 2012).   
These cosmopolitan unicellular organisms respond to favorable conditions in monospecific 
events to form dense concentrations of cells also well-known as blooms (Van Dolah et al. 
2010, Edwards et al. 2006, Hallegraeff, 2010). The global increase of reports of harmful algal 
blooms (HABs) in recent years could be triggered by specific factors, such as increased 
concentrations of greenhouse gases that in turn are expected to reduce pH and increase 
surface-water temperatures and vertical mixing and upwelling (Smayda et al. 1997, James et 
al. 2010, Moore et al. 2008). Furthermore, the effects of anthropogenic climate change and 
climate variability on phytoplankton communities are becoming more apparent, and even 
more so the effects from HABs on human health (James et al. 2010, Hinder et al. 2011). 
However, it is still difficult to understand or predict the potential consequences of the global 
climate change (natural and anthropogenic) on HABs (Hallegraeff, 2010). 
Repetitive cases of shellfish contamination linked to HABs, have become a public health 
concern around the world. HABs are a global phenomenon with economic impacts due to 
closing of shellfish farms, massive mortality of cultured fish (Figure 1.1) and fisheries, food 
safety and related public health costs and sociocultural impacts worldwide. In this context, 
filter-feeding shellfish are a key edible species because they ingest these toxin producers as 
part of their natural diet, acting as a vector of toxins to humans, causing an assortment of 
gastrointestinal and neurological illnesses (Table 1). Additionally, HABs have huge negative 
impacts on aquatic biodiversity by poisoning and killing from small invertebrate species to 
big mammals around the globe (Hallegraeff, 2010; Anderson et al. 2012; Turner et al. 2015).  
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Fig. 1.1. Massive mortality of around 39.000 tons of farmed salmon by a bloom of Chatonella sp. in the South of 
Chile during February 2016 (http://www.webcitation.org/6fkmv8NaM).  
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Table 1.1 Marine toxin groups and their human effects, modified from (Botana, 2010).
Toxin group Toxin name Effects in humans Biological target 
Diarrheic shellfish 
toxins 
Okadaic acid and 
dinophysistoxins 
Diarrhea 
Inhibition of cytosolic phosphatases               
1 and 2A 
Paralytic shellfish 
toxins 
Saxitoxin 
Respiratory failure and 
death 
Blockade of site 1 on the voltage-
dependent sodium channel 
Azaspiracids Azaspiracid 1 Diarrhea and neurotoxicity Unknown target 
Yessotoxins Yessotoxin Never reported 
Phosphodiesterase activation                       
and maybe other targets 
Palytoxins Palytoxin 
Dead after complex 
symptoms 
Blockade of Na
+
-K
+
 ATPase 
Domoic acid or 
amnesic shellfish 
toxins 
Domoic acid 
Dead after neurological 
damage 
Activates Kainate receptor 
Ciguatera toxins Ciguatoxin-1 
Neurological symptoms and 
death 
Activates sodium channels                                  
at site 5 
Brevetoxins or       
neurotoxin shellfish 
poisoning 
Brevetoxin B            
Brevetoxin A 
Neurological symptoms, 
respiratory problems 
Activate sodium channels at site 5 
(several 100-fold less potent than 
ciguatera) 
Cyclic imines 
Gymnodimine, Spirolide 
and pinnatoxins 
Not reported 
Reversible blockade of nicotinic receptor 
(gymnodimine and spirolides) 
Pectenotoxins Pectenotoxin-2 
Contradictory evidence 
reported 
Inhibition of actin polymerization by 
capping the barbed end 
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1.3 Lipophilic marine biotoxins (LMBT) 
 
A large number of marine biotoxins have been reported in HABs, seafood, marine and 
freshwater organisms, in the air and dissolved in the water. Marine biotoxins are usually 
classified according to their lipophilic and hydrophilic properties. LMBT involve several 
groups of compounds, such as okadaic acid (OA) and dinophysistoxin derivatives (DTXs), 
pectenotoxins (PTXs), azaspiracids (AZAs), yessotoxins (YTXs), spirolides (SPXs), 
gymnodimines (GYMs), pinnatoxins (PnTXs), palytoxins (PLTXs), brevetoxins (BTXs) and 
ciguatoxins (CTXs). This PhD thesis focusses on the lipophilic marine biotoxins regulated by 
the European legislation (i.e. okadaic acid, dinophysistoxins, azaspiracids, pectenotoxins and 
yessotoxins) and spirolides. Current maximum levels of LMBT in bivalves molluscs before 
being placed on the market for human consumption according to the European guidelines 
(EURLMB, 2015) are
 
for OA, DTXs and PTXs together, 160 g of OA
 
equivalents per kg; 
for azaspiracid, 160 g of azaspiracid
 
equivalents per kg. In the case of YTX in live bivalves 
mollusks, the permitted limits are 3.7 mg of YTX equivalents per kg. There are no regulatory 
limits for spirolides in shellfish. 
 
1.3.1 Okadaic acid group and dinophysistoxins derivatives 
 
Okadaic acid (OA) is probably the most studied, and frequent marine lipophilic toxin group 
with a worldwide distribution (Figure 1.2). The toxin is produced by several species of 
dinoflagellates of the genera Dinophysis and Prorocentrum and was firstly described in 1981 
from the black sponges Halichondria okadaic and H. melanodoicia (Schmitz et al. 1981, 
Tachibana et al. 1981). OA is the main representative causing diarrheic shellfish poisoning 
(DSP) and shows to be a potent phosphate inhibitor, causing inflammation of the intestinal 
tract and diarrhea in humans. 
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The first reported cases of DSP were in the Netherlands in the 1960s (Kat 1979). Since then, 
reports from around the world, including Europe, Asia, Australia, South America, North 
America, Africa and New Zealand (Hallegraeff, 2010, Hinder et al., 2011, MacKenzie et al. 
2011, Pitcher et al. 1993) have been described.  
Figure 1.2 Okadaic acid structure. 
OA and its ester derivatives have been reported in algae and in many marine organisms, 
ingested through intake of food and accumulated in the organs such as the stomach and liver. 
Up to now, more than 50 toxins related to the OA group have been described (Table 1.2). 
Moreover, production of OA and its ester derivatives in algae cultures under laboratory 
conditions has been successfully improve in the last years. It was in 2006, that for the first 
time (Park et al. 2006) Dinophysis acuminata Claparede and Lanchman was successfully 
cultured by feeding this species with the ciliate prey Myrionecta rubrum (Lohmann), which 
had previously been fed on cryptophytes of the genus Teleaulax sp and Geminigera 
crypophila (Figure 1.3). Subsequently during the next years, other species have been 
effectively cultured following the same methodology, such as Dinophysis fortti Pavillard 
(Nagai et al. 2008), Dinophysis infundibulus Schiller (Nishitani et al. 2008a), Dinophysis 
caudata Saville-Kent (Nishitani et al. 2008b), Dinophysis acuta Ehrenberg (Jaen et al. 2009) 
and Dinophysis tripos (Rodriguez et al. 2012). Similarly, other toxin producers have been 
cultured like Prorocentrum species such as P. lima (Nascimiento et al. 2005), P. beliceanum 
(Morton et al. 1998a), P. foraminosum Faust M.A., 1993 (Kameneva et al. 2015), P. 
rhathymum (An et al. 2009), P. hoffmanianum (Murakami et al. 1982), P. concavum (Dickey 
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et al. 1990), P. maculosum (Zhou et al.1993), P. faustiae (Morton et al. 1998) and P. 
arenarium (Ten-Hage et al. 2000). The achievement of cultivating Dinophysis sp. has been 
opened the possibility of further work on toxicology, ecology, physiology and toxin 
accumulation of this group to other organisms. 
 
Figure 1.3 Food chain related to Dinophysis sp. and its preys under laboratory conditions (Wisecaver et al. 
2010).  
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Table 1.2 Okadaic acid and ester derivatives reported in different marine organisms. 
Compound name 
Elemental 
composition 
m/z 
calculated 
Type of 
Ion 
Reference 
OA  C44H68O13 803.4587 [M-H]
-
 Gerssen et al. 2011 
DTX2  C44H68O13 803.4587 [M-H]
-
 Gerssen et al. 2011 
DTX1  C45H70O13 817.4743 [M-H]
-
 Gerssen et al. 2011 
14:0 OA  C58H94O14 1013.6571 [M-H]
-
 Gerssen et al. 2011 
14:0 DTX2  C58H94O14 1013.6571 [M-H]
-
 Gerssen et al. 2011 
14:1 OA  C58H92O14 1011.6414 [M-H]
-
 Gerssen et al. 2011 
14:1 DTX2  C58H92O14 1011.6414 [M-H]
-
 Gerssen et al. 2011 
14:3 OA  C58H88O14 1007.6101 [M-H]
-
 Gerssen et al. 2011 
14:3 DTX2  C58H88O14 1007.6101 [M-H]
-
 Gerssen et al. 2011 
15:0 OA  C59H96O14 1027.6727 [M-H]
-
 Gerssen et al. 2011 
15:0 DTX2  C59H96O14 1027.6727 [M-H]
-
 Gerssen et al. 2011 
16:0 OA  C60H98O14 1041.6884 [M-H]
-
 Gerssen et al. 2011 
16:0 DTX2  C60H98O14 1041.6884 [M-H]
-
 Gerssen et al. 2011 
16:1 OA  C60H96O14 1039.6727 [M-H]
-
 Gerssen et al. 2011 
16:1 DTX2  C60H96O14 1039.6727 [M-H]
-
 Gerssen et al. 2011 
16:2 OA  C60H94O14 1037.6571 [M-H]
-
 Gerssen et al. 2011 
16:2 DTX2  C60H94O14 1037.6571 [M-H]
-
 Gerssen et al. 2011 
17:1 OA  C61H98O14 1053.6884 [M-H]
-
 Gerssen et al. 2011 
17:1 DTX2  C61H98O14 1053.6884 [M-H]
-
 Gerssen et al. 2011 
18:0 OA  C62H102O14 1069.7197 [M-H]
-
 Gerssen et al. 2011 
18:0 DTX2  C62H102O14 1069.7197 [M-H]
-
 Gerssen et al. 2011 
18:1 OA  C62H100O14 1067.7046 [M-H]
-
 Gerssen et al. 2011 
18:1 DTX2  C62H100O14 1067.7047 [M-H]
-
 Gerssen et al. 2011 
18:2 OA  C62H98O14 1065.6884 [M-H]
-
 Gerssen et al. 2011 
18:2 DTX2  C62H98O14 1065.6884 [M-H]
-
 Gerssen et al. 2011 
18:3 OA  C62H96O14 1063.6727 [M-H]
-
 Gerssen et al. 2011 
18:3 DTX2  C62H96O14 1063.6727 [M-H]
-
 Gerssen et al. 2011 
18:4 OA  C62H94O14 1061.6571 [M-H]
-
 Gerssen et al. 2011 
18:4 DTX2  C62H94O14 1061.6571 [M-H]
-
 Gerssen et al. 2011 
20:5 OA  C64H96O14 1087.6727 [M-H]
-
 Gerssen et al. 2011 
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20:5 DTX2  C64H96O14 1087.6727 [M-H]
-
 Gerssen et al. 2011 
22:6 OA  C66H98O14 1113.6884 [M-H]
-
 Gerssen et al. 2011 
22:6 DTX2  C66H98O14 1113.6884 [M-H]
-
 Gerssen et al. 2011 
DTX-3  C61H100O14 1057.4883 [M-H]
-
 Gerssen et al. 2011 
DTX-4  C66H104O30S3 735.2814 [M-2H]
2-
 Nascimiento et. al. 2005 
DTX-5c  C68H105NO27S2 714.8084 [M-2H]
2-
 Cruz et al., 2006 
19-epi OA  C44H68O13 803.4587 [M-H]
-
 Paz el al. 2008 
19-epi OA  C44H68O13 805.4732 [M+H]
+
 Paz el al. 2008 
27-O-acetyl OA  C47H73O14 861.5005 [M+H]
+
 Briton et al. 2008 
27-O-Acetyldinophysistoxin 1 methyl ester  C48H75O14 875.5156 [M+H]
+
 Briton et al. 2008 
Dinophysistoxin 1 methyl ester  C46H73O13 833.5051 [M+H]
+
 Briton et al. 2008 
Norokadanone C43H66O11 759.4677 [M+H]
+
 Paz el al. 2007 
2-hydroxymethyl-allyl okadaate C48H74O14 875.5151 [M+H]
+
 Paz el al. 2007 
5-hydroxy-2-methylene-pent-3-enyl okadaate C50H76O14 901.5307 [M+H]
+
 Paz et al. 2007 
7-hydroxy-2,4-dimethyl-hepta-2,4-dienyl okadaate C53H82O14 943.5777 [M+H]
+
 Paz et al. 2007 
7-hydroxy-4-methyl-2-methy-lene-hept-4-enyl okadaate C53H82O14 943.5777 [M+H]
+
 Paz et al. 2007 
5,7-dihydroxy-2,4-dimethylene-heptyl okadaate C53H82O15 959.5726 [M+H]
+
 Paz et al. 2007 
5-hydroperoxy-7-hydroxy-2,4-dimethyllene-heptyl okadaate C53H82O16 975.5675 [M+H]
+
 Paz et al. 2007 
DTX-6  C51H76O14 913.5307 [M+H]
+
 Paz et al. 2007 
7-hydroxy-2-methyl-hepta-2,4-dienyl okadaate C52H80O14 929.562 [M+H]
+
 Paz et al. 2007 
7-hydroxymethyl-2-methylene-octa-4,7-dienyl okadaate C54H82O14 955.5777 [M+H]
+
 Paz et al. 2007 
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1.3.2 Pectenotoxin group and its esters 
 
Pectenotoxins (PTXs) are a group of lipophilic toxins linked with DSP, however, 
toxicological studies indicate that PTXs are not diarrheagenic after oral administration 
through mouse bioassays (Renyan et al. 2011, Ito et al. 2008) (Figure 1.4). The first PTXs 
(PTX-1 to PTX-5) were identified in Pacific scallop (Patinopecten yessoensis) (Yasumoto et 
al. 1985).  Later, other ester derivatives (PTX-6 to PTX-9) were reported in shellfish ( 
Yasumoto et al. 1988, Sasaki et al. 1998) (Table 1.3). Recently, PTXs ester derivatives 
produced from several species of the genus Dinophysis, such as D. fortti, D. acuminata, D. 
caudata and D. norvegica have been reported in Japan, China, Norway, Italy, Spain, Portugal, 
New Zealand, Chile and the North Sea (James et  al. 1999, Miles et al. 2004, Miles et al. 
2006, Laessen et al. 2007, Mackenzie et al. 2005, Krock et al. 2009, Krock et al. 2008).   
 
Figure 1.4 PTXs structures reported by (Li et al. 2010) and (Miles et al. 2004). 
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The first report of PTX-2 associated to seafood poisoning in Europe was at the Italian coast, 
linked to an outbreak of Dinophysis fortii (Draisci et al. 1996). Furthermore, PTX-2 was 
identified in D. fortii at the Portuguese coast (Vale & Sampayo, 2002), in D. norvegica from 
Swedish and Norwegian coasts (Goto et al. 2001, Miles et al. 2004) and later in D. acuminata 
in the Baltic Sea (Kuuppo et al. 2006).  
Table 1.3 Pectenotoxins and ester derivatives reported in different marine organisms. 
 
Compound 
name 
Elemental 
composition 
Theoretical 
m/z-value  
Type of ion Reference 
PTX-1 C47H70O15 875.0497 [M+H]
+
 Miles et al. 2007 
PTX-2 C47H70O14 859.4838 [M+H]
+
 Miles et al. 2007 
PTX-3 C47H68O15 873.0340 [M+H]
+
 Miles et al. 2007 
PTX-4 C47H70O15 875.0497 [M+H]
+
 Miles et al. 2007 
PTX-6 C47H68O16 889.0330 [M+H]
+
 Miles et al. 2007 
PTX-11 C47H70O15 892.5053 [M+NH4]
+
 Gerssen et al. 2011 
PTX-12 C47H68O14 857.0340 [M+H]
+
 Miles et al. 2007 
PTXsa C47H72O15 894.5209 [M+NH4]
+
 Gerssen et al. 2011 
14:0 PTX2sa C61H98O16 1104.7193 [M+NH4]
+
 Gerssen et al. 2011 
16:0 PTX2sa C63H102O16 1132.7506 [M+NH4]
+
 Gerssen et al. 2011 
 
1.3.3 Azaspiracid group and its esters 
 
Azaspiracids (AZAs) are potent lipophilic marine biotoxins with a skeleton formed by fused 
polyether spiral rings and one amine group (Paredes et al. 2011) (Figure 1.5). These toxins are 
responsible for the human toxic syndrome known as azaspiracid shellfish poisoning (AZP) 
(Ofuji et al. 1999).  
Since 1998, after AZAs were discovered on the west coast of Ireland (Satake et al. 1998), 
around 30 analogues (not all of them characterized) have been discovered (Table 1.4) and 
described worldwide (J. M. Kilcoyne 2014) for example in the UK (James et al. 2002, 
Kilcoyne et al. 2012), Norway (James et al. 2002), Spain and France (Brana et al. 2003), 
Denmark (Skrabakova et al. 2010), Portugal (Vale et al. 2008), Morocco (Taleb et al. 2006), 
Chile (Lopez-Rivera et al. 2000, Alvarez et al. 2010), Argentina (Tillmann et al. 2016), 
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Uruguay (Akselman et al. 2014), Japan (Ueoka et al. 2009), Korea (Potvin et al. 2011), 
Canada (Twiner et al. 2008), the North Sea (Krock et al. 2009) and the Adriatic Sea 
(Bacchiocchi et al. 2015).  
 
Figure 1.5 Structure of six predominant azaspiracid toxins. AZA1 (R1 = H, R2 = CH3, R3 = H, R4 = H); AZA2 
(R1 = CH3, R2 = CH3, R3 = H, R4 = H); AZA3 (R1 = H, R2 = H, R3 = H, R4 = H); AZA4 (R1 = H, R2 = H, R3 = OH, 
R4 = H); AZA5 (R1 = H, R2 = H, R3 = H, R4 = OH); AZA6 (R1 = CH3, R2 = H, R3 = H, R4 = H) (Lopez-Rivera 
2000). 
 
Azaspiracid toxins have been found in a particular species of phototrophic dinoflagellates 
called Azadinium ssp. (Potvin et al. 2011). In first instance, the heterotrophic dinoflagellate 
Protoperidinium crassipes was described as the causative species (James et al. 2010) but no 
correlation was found between the occurrence of AZAs in shellfish and blooms of P. 
crassipes (or other Protoperidinium species) during the same year of sampling (2002-2006) at 
the Irish Coast (Krock et al. 2009). After that, it was discovered that the progenitor Azadinium 
spinosum is eaten by P. crassipes (Krock et al. 2009). Up until now Azadinium spinosum 
(Tillmann et al. 2009), A. poporum (Krock et al. 2014) and cf. popurum (Potvin et al. 2011) 
have been reported containing AZAs toxins. 
 21 
Table 1.4 Azaspiracids and esters metabolites reported. 
 
Compound 
name 
Elemental 
composition 
Theoretical m/z-
value 
Type of 
ion 
Reference 
AZA1  C47H71NO12 842.5048 [M+H]
+
 Gerssen et al. 2011 
AZA2  C48H73NO12 856.5205 [M+H]
+
 Gerssen et al. 2011 
AZA3  C46H69NO12 828.4892 [M+H]
+
 Gerssen et al. 2011 
AZA4  C46H69NO13 844.4841 [M+H]
+
 Gerssen et al. 2011 
AZA5  C46H69NO13 844.4841 [M+H]
+
 Gerssen et al. 2011 
AZA6 C47H71NO12 842.5048 [M+H]
+
 Gerssen et al. 2011 
AZA8 C47H71NO13 858.4997 [M+H]
+
 Gerssen et al. 2011 
AZA9  C47H71NO13 858.4997 [M+H]
+
 Gerssen et al. 2011 
AZA10  C47H71NO13 858.4997 [M+H]
+
 Gerssen et al. 2011 
AZA11/12 C48H73NO13 872.5154 [M+H]
+
 Gerssen et al. 2011 
AZA13  C46H69NO14 860.4790 [M+H]
+
 Gerssen et al. 2011 
AZA14 C47H71NO14 874.4947 [M+H]
+
 Gerssen et al. 2011 
AZA15 C47H71NO14 874.4947 [M+H]
+
 Gerssen et al. 2011 
AZA16/17 C47H69NO14 872.4790 [M+H]
+
 Gerssen et al. 2011 
AZA18/19 C48H71NO14 886.4947 [M+H]
+
 Gerssen et al. 2011 
AZA20/21 C47H69NO15 888.4739 [M+H]
+
 Gerssen et al. 2011 
AZA22/23 C48H71NO15 902.4896 [M+H]
+
 Gerssen et al. 2011 
The first culture of Azadinium spinosum (Figure 1.6) from an Irish strain was 
collected in Southwest coast, Bantry Bay. The isolates were kept in sea water media 
F/2 without silica (Guillard, 1975) made up with enriched sterile filtered seawater 
from the site and kept at 18°C, 12:12 light:dark cycle and the irradiance in the 
incubator was 150 µmol photon m
-2
 s
-1
 (Salas et al. 2011). 
 
Figure 1.6 Azadinium spinosum strain. APC= apical pore complex; P=pyrenoid; N=nucleus; S=spine. 
(Salas et al. 2011) 
1.3.4 Yessotoxin group and its esters 
 
Yessotoxins (YTXs) are a group of structurally related polyether toxins (Figure 1.7) 
produced by the dinoflagellates Protoceratium reticulatum (Satake et al. 1997), 
Lingulodinium polyedrum (Draisci et al. 1999) and Gonyaulax spinifera (Rhodes et al. 
2006). YTXs have been traditionally linked to DSP for its toxicity in mice by 
intraperitoneal injection (Aune et al. 2002). Up to date, more than 100 analogues have 
been reported in marine organisms and dinoflagellates. However, not all of these 
analogues have been characterized concerning their exact chemical structure (Gerssen 
et al. 2011, Miles et al. 2005) (Table 1.5).  
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Figure 1.7 Structure of yessotoxin. 
P. reticulatum is the most cosmopolitan and studied algal producer of yessotoxins. 
The toxin profiles in different P. reticulatum strains have been found to be dependent 
on the origin. Moreover, YTXs profiles have been reported as highly variable, where 
YTX and homoYTX were found to be the main toxins produced (Akselman et al. 
2015, Paz et al. 2013). Furthermore, production of YTX by the dinoflagellate P. 
reticulatum has been reported in Southern Africa (Roder et al. 2012), South America 
(Akselman et al. 2015), North America, Europe, Oceania (Finch et al. 2005) and Asia 
(Satake et al. 1999).  
Several cultures of P. reticulatum strains under different culture conditions have been 
demonstrated to influence toxin production, e.g. concentrations per cell (Paz et al. 
2013). However, the toxin profile mainly depends on algae strain itself. Furthermore, 
toxin profiles of metabolites released from the algal culture are still lacking. 
  
Table 1.5 Yessotoxins and ester metabolites reported. 
Compound name 
Elemental 
composition 
Theoretical 
m/z-value 
Type of ion Reference 
Unknown d YTX  C48H72O21S2 1047.3935 [M-H]
-
 Gerssen et al. 2011 
Unknown d YTX  C48H72O21S2 523.1936 [M-2H]
2-
 Gerssen et al. 2011 
Unknown YTX  C54H82O24S2 1177.4565 [M-H]
-
 Gerssen et al. 2011 
Unknown YTX  C54H82O24S2 588.2257 [M-2H]
2-
 Gerssen et al. 2011 
44oxo-trinor-YTX  C52H78O22S2 1117.4353 [M-H]
-
 Gerssen et al. 2011 
44oxo-trinor-YTX  C52H78O22S2 558.2140 [M-2H]
2-
 Gerssen et al. 2011 
Unknown YTX  C55H84O24S2 1191.4721 [M-H]
-
 Gerssen et al. 2011 
Unknown YTX  C55H84O24S2 595.2324 [M-2H]
2-
 Gerssen et al. 2011 
Unknown YTX  C60H74O21S2 1195.4248 [M-H]
-
 Gerssen et al. 2011 
Unknown YTX  C60H74O21S2 597.2086 [M-2H]
2-
 Gerssen et al. 2011 
41formyl-39oxo-YTX  C48H72O23S2 1079.3833 [M-H]
-
 Gerssen et al. 2011 
41formyl-39oxo-YTX  C48H72O23S2 539.1886 [M-2H]
2-
 Gerssen et al. 2011 
44,45diOH-YTX  C55H84O23S2 1075.4772 [M-H]
-
 Gerssen et al. 2011 
44,45diOH-YTX  C55H84O23S2 587.2356 [M-2H]
2-
 Gerssen et al. 2011 
45OH-YTX  C55H82O22S2 1157.4666 [M-H]
-
 Gerssen et al. 2011 
45OH-YTX  C55H82O22S3 578.2302 [M-2H]
2-
 Gerssen et al. 2011 
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45OH-44COOH-YTX  C55H82O24S3 1189.4564 [M-H]
-
 Gerssen et al. 2011 
45OH-44COOH-YTX  C55H82O24S3 594.2434 [M-2H]
2-
 Gerssen et al. 2011 
Unknown YTX  C54H80O22S2 1143.4510 [M-H]
-
 Gerssen et al. 2011 
Unknown YTX  C54H80O22S2 571.2225 [M-2H]
2-
 Gerssen et al. 2011 
Unknown YTX  C52H78O23S2 1133.4303 [M-H]
-
 Gerssen et al. 2011 
Unknown YTX  C52H78O23S2 566.2120 [M-2H]
2-
 Gerssen et al. 2011 
32-O-diglycoside YTX  C65H98O29S2 1405.5562 [M-H]
-
 Gerssen et al. 2011 
32-O-diglycoside YTX  C65H98O29S2 702.2739 [M-2H]
2-
 Gerssen et al. 2011 
45,46,47trinor-YTX  C52H78O21S2 1101.4404 [M-H]
-
 Gerssen et al. 2011 
45,46,47trinor-YTX  C52H78O21S2 550.2161 [M-2H]
2-
 Gerssen et al. 2011 
44COOH-YTX  C55H82O23S2 1173.4615 [M-H]
-
 Gerssen et al. 2011 
44COOH-YTX  C55H82O23S2 586.2265 [M-2H]
2-
 Gerssen et al. 2011 
32O-monoglycoside YTX  C60H90O25S2 1273.5140 [M-H]
-
 Gerssen et al. 2011 
32O-monoglycoside YTX  C60H90O25S2 637.2528 [M-2H]
2-
 Gerssen et al. 2011 
YTX  C55H82O21S2 1141.4717 [M-H]
-
 Gerssen et al. 2011 
YTX  C55H82O21S2 570.2316 [M-2H]
2-
 Gerssen et al. 2011 
1a-homo-YTX  C56H84O21S2 1155.4873 [M-H]
-
 Gerssen et al. 2011 
1a-homo-YTX  C56H84O21S2 577.2395 [M-2H]
2-
 Gerssen et al. 2011 
45OH-1a-homo-YTX  C56H84O22S2 1171.4823 [M-H]
-
 Gerssen et al. 2011 
45OH-1a-homo-YTX  C56H84O22S2 585.2369 [M-2H]
2-
 Gerssen et al. 2011 
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1 YTX  C41H64O21S2 955.3308 [M-H]
-
 Miles et al. 2005 
9 YTX  C44H68O22S2 1011.3570 [M-H]
-
 Miles et al. 2005 
10 YTX  C43H72O23S2 1019.3833 [M-H]
-
 Miles et al. 2005 
11 YTX  C46H70O21S2 1021.3778 [M-H]
-
 Miles et al. 2005 
12 YTX  C45H70O22S2 1025.3727 [M-H]
-
 Miles et al. 2005 
22 YTX  C45H74O24S2 1061.3938 [M-H]
-
 Miles et al. 2005 
27 YTX  C49H82O24S2 1117.4564 [M-H]
-
 Miles et al. 2005 
29 YTX  C44H80O28S2 1119.4204 [M-H]
-
 Miles et al. 2005 
39 YTX  C55H74O22S2 1149.4040 [M-H]
-
 Miles et al. 2005 
49 YTX  C57H86O21S2 1169.5030 [M-H]
-
 Miles et al. 2005 
62 YTX  C55H82O24S2 1189.4564 [M-H]
-
 Miles et al. 2005 
86 YTX  C65H98O24S2 662.2872 [M-2H]
2-
 Miles et al. 2005 
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1.3.5 Cyclic imines 
 
The genus Alexandrium is one of the most studied microalgae because of its capacity to 
produce neurotoxins associated with Paralytic Shellfish Poisoning (PSP). However, 
Alexandrium ostenfeldii has been identified as a toxin producer of spirolides (SPXs). This 
group of toxins are macrocyclic imines, structurally characterized by a spiro-linked cyclic 
iminium or keto amine functionality and a polycyclic ether moiety (Hu et al. 1995) (Figure 
1.8). Intraperitoneal injection (mouse) of spirolides containing a cyclic imine moiety results in 
neurological symptoms, including convulsions, followed by rapid death (Hu et al. 1996). 
Spirolides were first identified in extracts of the digestive glands of mussels and scallops from 
the Atlantic coast of Nova Scotia (Hu et al. 1995). Lately, these toxins have been found in 
Scotland (U. C. John 2003), Norway, Denmark, Italy (Ciminiello et al. 2006), Chile (Salgado 
et al. 2015), Spain (Villar Gonzalez et al. 2006), France, Argentina (Turner et al. 2015), the 
Netherlands (Van der Waal et al. 2015), North America (Gribble et al. 2005) and China (Wu 
et al. 2015). 
Up to date, more than 16 SPXs esters have been described (Table 1.6) in shellfish (Garcia-
Altares et al. 2014, Rundberget et al. 2011), phytoplankton samples (Almandoz et al. 2014), 
A. ostenfeldii culture (Medhioub et al. 2011, Otero et al. 2009), passive samplers (Rundberget 
et al. 2011) and other marine organisms (Garcia-Altares et al. 2014, Salgado et al. 2015, 
Orellana et al. 2016, Silva et al. 2013). 
Spirolide A 1  : Δ2,3; R1=H; R2=Me 
Spirolide B 2  :R1=H; R
2
= Me 
Spirolide C 3  :Δ2,3; R1= Me; R2= Me 
Spirolide D 4  :R
1
= Me; R
2
= Me 
13-Desmethylspirolide C 5 :Δ2,3; R1= Me; R2=Me 
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Figure 1.8 Structure of spirolides and related esters. 
During the recent years, A. ostenfeldii has been extensively cultured through to different 
methods (Otero et al. 2009, Medhioub et al. 2011). Toxin production may be depending of 
environmental factors. Experimental studies have shown that the production of either SPXs or 
PSP toxins by A. ostenfeldii is influenced by salinity, temperature, and nutrients. Whether this 
is also the case for the recently discovered gymnodimines toxins in A. ostenfeldii strains is 
still unclear (Salgado et al. 2015). 
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Table 1.6 Spirolides and ester metabolites reported worldwide. 
Compound name 
 
Elemental 
composition 
Theoretica
l m/z-
value 
Type of 
ion 
Reference 
13-desmethyl spirolide C  C42H61NO7 692.4521 [M+H]
+
 (Hu et al. 1996; Sleno et al. 2004) 
Spirolide A  C42H61NO7 692.4521 [M+H]
+
 (Hu et al. 1996; Sleno et al. 2004) 
Spirolide B  C42H63NO7 694.4677 [M+H]
+
 (Hu et al. 1996; Sleno et al. 2004) 
Spirolide C  C43H63NO7 706.4677 [M+H]
+
 (Hu et al. 1996, Sleno et al. 2004) 
Spirolide D  C43H65NO7 708.4834 [M+H]
+
 (Hu et al. 1996; 2001) 
Spirolide E  C42H63NO8 710.4637 [M+H]
+
 (Hu et al.1996; 2001)  
Spirolide F  C42H65NO8 712.4794 [M+H]
+
 (Hu et al 1996; 2001) 
Spirolide G  C42H61NO7 692.4521 [M+H]
+
 (Hu et al. 1996; MacKinnon et al. 2006) 
Spirolide H  C40H59NO6 650.4415 [M+H]
+
 (Hu et al. 1996; Roach et al. 2009) 
Spirolide I  C40H61NO6 652.4572 [M+H]
+
 (Hu et al. 1996; Ciminiello et al. 2007) 
13-desmethyl spirolide D  C42H63NO7 694.4672 [M+H]
+
 (Ciminiello et al. 2007) 
13,19-didesmethyl spirolide C  C41H59NO7 678.4364 [M+H]
+
 (MacKinnon et al. 2006) 
27-hydroxy-13,19-didesmethyl spirolide C  C41H59NO8 694.4313 [M+H]
+
 (Ciminiello et al. 2007) 
27-hydroxy-13-desmethyl spirolide C  C42H61NO8 708.4470 [M+H]
+
 (Hu et al. 1996; Ciminiello et al. 2010)  
27-oxo-13,19-didesmethyl spirolide C  C41H57NO8 692.4157 [M+H]
+
 (Hu et al. 1996; Ciminiello et al. 2010) 
20-methyl spirolide G  C43H63NO7 706.4677 [M+H]
+
 (Aasen et al. 2006) 
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2. Analysis of marine toxins 
2.1 The analytical challenge  
 
The need of new analytical methodologies with sufficient sensitivity, robustness and 
selectivity to meet the analysis of large numbers of compounds in different matrices 
in short analysis time is worldwide increasing. For this purpose, the different steps 
included in any analytical methodology (management of samples prior to extraction, 
during the extraction, clean-up, chromatographic analysis, detection and 
quantification) must be taken into account to achieve good and reliable results. In the 
marine toxin research, one of the challenges is the extraction and purification of these 
compounds from complex matrices. Moreover, occurrence of new toxins in matrices 
such as seafood, water, air and phytoplankton and other marine organisms have made 
the characterization of these compounds the main analytical challenge for researchers. 
Many marine toxins are accumulated, metabolized and biotransformated by animals 
such as edible shellfish, fish, crustaceans and other small organisms which makes the 
detection of unknown compounds even more challenging. Additionally, apart from 
the low concentration levels in marine organisms, the development of analytical 
methods for marine toxins is regarded as a complicated task because of the structural 
diversity among toxins. Moreover, marine toxins enclose several forms with two 
remarkable different groups i.e. lipophilic and hydrophilic toxins.  
Although during the last decade a remarkable development of certified calibration 
solutions (CCS) for marine toxins has been settled in the market, the cost and 
availability of this material have become a limitation for many laboratories. 
Therefore, developments of accurate and robust methods based on new technology 
such as HRMS combined to optimize extraction protocols are global challenge. To 
tackle the identification of many toxins analogues and metabolites using the full scan 
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capabilities of HRMS but also untargeted screening through the use of metabolomics 
software could be allow us to work without expensive certified material.    
2.2 Sample preparation 
 
The sample preparation is a critical starting point before extracting marine biotoxins 
from seafood. Sampled marine organisms, including phytoplankton, zooplankton, 
molluscs, crustaceans, fish and organs of big marine animals where marine toxins can 
be accumulated must be managed and stored adequately. In order to avoid the loss of 
toxins accumulated during the sampling or handling (storage), it is crucial to keep the 
organisms alive at suitable temperature and without too much stress. In the case 
where animals are too big to store, target organs must be removed and stored in 
extraction solvent. In the case of small marine organisms, such as plankton and 
zooplankton, they can be separated from the seawater and stored in solvent. Finally, 
the tissue material, organ sample or organism should be kept cold (-20°C) to avoid 
chemical degradation or enzymatic induction of metabolic changes (Trainer et al. 
2013). 
According to the EU-harmonised standard operating procedure for determination of 
lipophilic marine biotoxins in molluscs by liquid chromatography with tandem mass 
spectrometric (LC-MS/MS) (EURLMB, 2015), shellfish have to be prepared by 
rinsing the outside and inside of the shellfish with fresh water to remove any foreign 
material. The flesh has to be removed from the adductor muscle and tissue connected 
at the hinge. At this point, it is recommended not to use heat or anaesthetics before 
opening the shell. The tissues must be drained in a sieve to remove excess of salt 
water. This last point is critical for the posterior analysis because salt can be 
accumulated in the instrument or can have a negative effect on the analysis. Finally, 
for representative sampling, at least 100-150 g of pooled tissue have to be 
 32 
homogenized in a blender. Sub-samples from this homogenate can be taken 
immediately after blending, while still well mixed, or after mixing again. 
2.3 Extraction of marine biotoxins 
 
An adequate generic extraction should comprise not only the extraction of parent 
compounds but also their metabolites, present in the marine organism or its organs. 
This has become an ambitious challenge because of the structural diversity among 
toxins. Moreover, many marine toxins are accumulated, metabolized and 
biotransformed by the marine organism, making it more difficult to optimize an 
extraction of unknown compounds metabolized. Additionally, each marine species 
represents a unique matrix that may need a different extraction solvent, step of clean 
up, separation between tissues, etc. 
Extraction of LMBT can be performed by solid-liquid extraction and solid phase 
extraction (SPE) depending on the matrix and purpose of the extraction. A pre-
concentrating step and elimination of sample impurities can be done by SPE. This 
advantage can be very useful when dealing with low levels of toxins ( Kilcoyne et al. 
Gerssen et al. 2009). LLE has often been applied in analysis of LMBT. Furthermore, 
organic solvents such as methanol, acetonitrile and acetone are most commonly used 
(Gerssen et al. 2009).  
The EU-harmonised standard operating procedure for determination of lipophilic 
marine biotoxins in molluscs by LC-MS/MS (EURLMB, 2015), established a clear 
procedure to extract LMBT based on 100% methanol. Briefly, two grams of the 
homogenized sample are extracted in triplicate and accurately weighed into a 
centrifuge tube. Tissues are extracted with 9 mL of methanol by vortexing for 3 min 
and subsequently centrifuged for 10 min at 2000 x g. The supernatant is then 
transferred to a 20 mL volumetric flask. This extraction procedure is repeated one 
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more time, thereby starting from the residual tissue pellet. The supernatant of the 
second extraction step is pooled with the first extract into the 20 mL volumetric flask 
and then made up to 20 mL with methanol. 
2.4 Bioassay 
 
Until 2011, the mouse bioassay (MBA) was the reference method in the European 
regulation for detection of LMBT. The MBA method has an unquestionable 
importance in the sanitary control and food safety because it surveys the response to 
toxins in a living organism or cells. However, poor specificity, low sensitivity of 
MBA and animal welfare reasons have made this method undesirable in the last 
decade (Rubies et al. 2015). Therefore, chemical analysis (liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) has become as a reference 
method to detect LMBT, due to its targeted approach. 
Because the MBA gives information on shellfish global toxicity, many of the marine 
monitoring programs for LMBT are still based on it for a rapid test.  Currently, the 
MBA is utilized in many countries around the world to supplement toxicity 
information and because it is cheaper than the chemical approach (Liu et al. 2011, 
Burrel et al. 2013). Additionally, bioassays based on the toxic effects of LMBT in 
cultivated cell lines such as KB, intestinal cells and neuronal red vital cells have been 
developed as an alternative to rodent bioassays (Fiorentini et al. 1996, Amzil et al. 
1996, Diogene et al. 1995, Fremy et al. 1999).   
2.5 Liquid chromatography coupled to tandem mass spectrometry 
 
In the last decades, high-performance liquid chromatography coupled to mass 
spectrometry (LC-MS) has become an attractive alternative to replace MBA. LC-MS 
became a valuable tool for environmental analytical chemists (Quilliam 2003). The 
mass spectrometry approach provided not only molecular mass and structural 
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information, but also offered a sensitive and selective detector for quantitative 
analysis. Later, the developments of electrospray ionization (ESI) and atmospheric 
pressure chemical ionization (APCI) interfaces together with progressive 
improvements in MS designs were included to explore toxins with widely ranging 
polarities (Ciminiello et al. 2006). Consequently, LC-MS quickly became the 
preferred method for the confirmatory analysis of toxins (Ciminiello et al.  2007, 
Gribble et al. 2005, Suzuki et al. 2005) 
Further improvements have resulted in the shift from LC-MS to tandem mass 
(MS/MS) spectrometry, which has now become a key technology for monitoring 
simultaneously marine toxins in different matrices with high sensitivity, selectivity, 
accuracy and reproducibility (Gerssen et al. 2010). Hereby, the EU Commission 
regulation (EC) No 15/2011 (EU commission, 2004), amending regulation (EC) No 
2074/2005 (EU commission, 2005) about the challenging methods for detecting 
marine toxins in bivalve molluscs, describes the LC-MS/MS as the reference method 
for the identification and quantification of a limited number of lipophilic marine 
toxins. With respect to chromatography, during the last years different mobile phases 
have been tested to explore sensitivity such as pH, type of buffer, organic solvent and 
ionic strength. Suitable mobile phases including methanol, acetonitrile and water 
doped with ammonium hydroxide, and formic acid have been reported and 
recommended for detection of different marine toxins (Garcia-Altares et al. 2013, 
Suzuki & Quilliam, 2011). Depending on the chromatography conditions applied, 
reverse phase HPLC columns are recommended for a wide range of pH (pH range 
from 1-12).  
2.6 Liquid chromatography coupled to high-resolution mass spectrometry  
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In the past years, liquid chromatography coupled to high-resolution mass 
spectrometry (LC-HRMS) has become an effective instrument in the analysis of 
marine toxins (Gerssen et al. 2011). The development of LC-HRMS coupled to 
Fourier Transform Orbitrap, Fourier Transform Ion Cyclotron Resonance (FT-ICR) 
and TOF (Time-of-flight) technology enabled high mass resolution in analysis of 
residues, contaminants and phycotoxins in seafood (Garcia-Altares et al. 2013, Wille 
et al. 2011). With the improvement of software and lower capital investment, these 
instruments also provide a full scan of mass spectrum. This last approach offers 
several advantages, for example in complex biological samples like seafood, the use 
of HRMS can offer the ability to overcome mass interferences stemming from 
overlapping signals of isobaric toxins (Senyuya et al. 2015). Additionally, 
simultaneous analysis of a virtually unlimited number of analytes can be carried out. 
As a result, retrospective evaluation of acquired data for non-“a priori” selected 
compounds becomes possible by reconstructing any desired ion chromatogram 
(Vanhaecke et al. 2013). Another significant development has been the introduction 
of fast chromatography to reduce analysis time. Fast LC involves the use of sub-2 µm 
particles size packed columns to achieve ultra-high-pressure liquid chromatography 
(UHPLC) (D’Orazio et al. 2012). For example, columns with an octadecyl C18 are the 
most intensively used for marine toxins separation for both acid and alkaline 
conditions (EURLMB, 2015).  
In general, the best results in terms of accuracy (<1.5 ppm) and mass resolving power 
(up to 1,000,000 full width at half maximum (FWHM)) is achieved with FR-ICR 
instruments. However, these instruments request a time-consuming signal 
optimization, long acquisition time and are expensive, which makes them less popular 
in comparison to Orbitrap based instruments (Zhao et al. 2013). Moreover, the 
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Orbitrap has shown mass accuracy of < 3 ppm and a resolution up to 240,000 
FWHM. Its full-scan speed (10 Hz), better dynamic range and sensitivity allow for 
fast, reproducible and reliable analytical results (Gerssen et al. 2011, Garcia-Altares  
et al. 2014, Vanhaecke et al. 2013, Junot et al. 2014). The Orbitrap mass analyzer is 
based on an earlier ion storage device, which allows them to start spinning around a 
central electrode or in an electrostatic field (Figure 1.9). Trapping of ions is 
established in a radio frequency (RF) only quadrupole (C-trap) and effectuates the 
momentary injection of a compact package of ions into the orbitrap mass analyzer. A 
Fourier transform is employed to obtain oscillation frequency for ions with different 
masses, resulting in an accurate reading of their m/z. This system is also capable of 
generating structural information in a non-selective manner (all ions fragmentations) 
by using High Energy Collisional Dissociation (HCD) cell without precursor ion 
selection (Makarov et al. 2010).   
 
Figure 1.9 Schematic representation of a bench-top Exactive
TM
 Orbitrap mass spectrometer and the 
orbitrap mass analyzing element. 
 
3. Bioaccumulation of marine toxins in marine organisms 
 
Many marine organisms are exposed to biotoxins during the occurrence of harmful 
algal blooms and some of them are able to accumulate these biotoxins. In marine 
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animals the main route of uptake of these toxins is by preying (e.g. zooplankton graze 
on phytoplankton). However, in humans uptake of biotoxins can occur by 
consumption of seafood or through respiration and skin contact when biotoxins are in 
the in the water or air. In marine environment, trophic levels begin with 
phytoplankton, which most of them are able to converts energy from the sun 
(photosynthesizes). As a second level, zooplankton and shellfish filter feeders can be 
considered because they directly consume phytoplankton. The third level could be 
crustacean (crabs) because they eat shellfish such as mussels and oysters. Small 
crustacean like North Sea shrimp, graze on small zooplankton species such as 
copepods. As a fourth level, fish like mackerels predate on small crustacean like 
shrimps and small fish. Therefore, trophic transfer of biotoxins is possible throughout 
the food web described above.     
Paralytic shellfish toxins, including saxitoxins, neosaxitoxins and gonyautoxins are 
one of the most studied toxins since they are the most hazardous natural toxins. 
Valuable information has been reported about the uptake, accumulation, transfer and 
elimination of paralytic shellfish toxins in marine organisms such as bivalves and fish 
(Kwong et al. 2006, Blanco et al. 2003, Costa et al. 2011) and common octopus 
(Lopes et al. 2014). However, the process of uptake, accumulation, transformation 
and excretion in many key edible species is hardly studied for many lipophilic marine 
toxins. Most evidence of uptake, transformation and excretion of HABs in shellfish 
filter feeders comes from laboratory experiments, and in most cases the total amount 
of ester uptake, metabolized and realized after exposure is unclear. However, there is 
a valuable report (J. M. Blanco 2007) report about anatomical distribution of DSP 
toxins in mussels (Mytilus galloprovincialis) after a natural exposure of Dinophysis 
species blooms. This report suggests that non-visceral tissues analyzed contributed 
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with the maximum toxin burden below 7%. More recently, the work of Medhioub et 
al. 2012 showed the exposure of oyster (Crassosstrea gigas) to the toxic 
dinoflagellate A. ostenfeldii in laboratory conditions. After 4 days of exposure, A. 
ostenfeldii cells were not totally digested by oysters.  
4. Conceptual framework of this study 
 
Lipophilic marine biotoxins (LMBT) have become one of the most common, studied 
and regulated substances around the world. Monitoring programs of LMBT producers 
and vectors, development of methods to detected LMBT and new regulations are 
currently proposed and need to ensure a satisfactory protection of public health and 
food safety worldwide. Therefore, the main goal of the present work was to study 
metabolization and transfer of marine toxins from algae to edible molluscs by using 
HRMS. 
This thesis consists of six chapters, of which the outline is summarized below. The 
state of the art is present as a general introduction in Chapter I. 
The development of a new method, its optimization and validation to detect six 
groups of LMBT by Ultra High Performance Liquid Chromatography coupled to 
Orbitrap High-Resolution Mass Spectrometry (UHPLC-Orbitrap-HRMS) in different 
shellfish species is presented in Chapter II.  
In Chapter III, the same method described before was validated to detect six groups 
of LMBT by UHPLC-Orbitrap-HRMS in microalgae. A new generic extraction 
procedure was developed and optimized from cultures of toxin producers. 
Subsequently, in Chapter IV the methods developed and described before were 
applied to study the occurrence of LMBT in different trophic levels from the Belgian 
part of the North Sea. 
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Then in Chapter V, two experiments (field and laboratory conditions) were carried 
out to explore uptake, distribution, metabolization and excretion of two groups (i.e. 
OA and SPXs) of toxins in mussels. Detection and quantification of parent toxins 
were studied according to the previous methodologies described. 
Finally, in Chapter VI, the general discussion will distil the main conclusions and 
future perspectives will be addressed.  
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Abstract 
Lipophilic marine toxins are produced by harmful microalgae and can accumulate in 
edible filter feeders such as shellfish, leading to an introduction of toxins in the 
human food chain, causing different poisoning effects. During the last years, 
analytical methods, based on liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS), have been consolidated by inter-laboratory validations. 
However, the main drawback of LC-MS/MS methods remains the limited number of 
compounds that can be analyzed in a single run. Due to the targeted nature of these 
methods only known toxins, previously considered during method optimisation, will 
be detected. Therefore in this study, a method based on ultra high-performance liquid 
chromatography coupled to high resolution Orbitrap mass spectrometry (UHPLC-HR-
Orbitrap MS) was developed. Its quantitative performance was evaluated for 
confirmatory analysis of regulated lipophilic marine toxins in shellfish flesh 
according to Commission Decision 2002/657/EC. Okadaic acid (OA), 
dinophysistoxin-1 (DTX-1), pectenotoxin-2 (PTX-2), azaspiracid-1 (AZA-1), 
yessotoxin (YTX) and 13-desmethyl spirolide C (SPX-1) were quantified using 
matrix-matched calibration curves (MMS) in mussel tissue. For all compounds the 
reproducibility ranged from 2.9 to 4.9%, repeatability from 2.9 to 4.9% and recoveries 
from 82.9 to 113% at the three different spiked levels. In addition, confirmatory 
identification of the compounds was effectively performed by the presence of a 
second diagnostic ion (
13
C). In conclusion, UHPLC-HR-Orbitrap MS permitted more 
accurate and faster detection of the target toxins than previously described LC-
MS/MS methods. Furthermore, HRMS allows to retrospectively screen for many 
analogues and metabolites using its full-scan capabilities but also untargeted 
screening through the use of metabolomics software 
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1. Introduction 
A diverse number of marine harmful algal species that produce toxins are listed 
among the most important causative organisms of poisoning episodes for the seafood 
consumer in Europe and others regions. These marine toxins are naturally produced 
by unicellular microalgae, mainly dinoflagellates, diatoms and cyanobacteria. Filter-
feeding shellfish ingest this phytoplankton as part of their natural diet, acting as a 
vector of toxins to humans, causing an assortment of gastrointestinal and neurological 
illnesses (Paz et al. 2011). These biotoxins do not only affect human health but are 
also responsible for a massive die-off of fish, marine mammals and birds (Van Dolah, 
2000). The lipophilic marine toxins class includes different groups, distinguished by 
their chemical properties. Examples are okadaic acid (OA), dinophysistoxins (DTXs), 
pectenotoxins (PTXs), azaspiracids (AZAs), yessotoxins (YTXs) and spirolides 
(SPXs) (Blay et al. 2011).  
After repetitive cases of contamination of the most commercially important shellfish 
species with biotoxins and the associated intoxication of humans through 
consumption, governmental and social awareness about harmful algal toxins has 
increased (Garcia-Altares et al. 2013, Reguera et al. 2012). Consequently, regulatory 
agencies have established monitoring programs and recognized reference methods for 
the detection of marine biotoxins, which can be used to guarantee that seafood is 
harmless for public health (Garcia-Altares et al. 2013).  
In the last decade, liquid chromatography (LC) coupled to (tandem) mass 
spectrometry (MS or MS/MS) for the simultaneous separation and detection of marine 
biotoxins has proven to be one of the most valuable research methods in the field of 
marine biotoxicology (Garcia-Altares et al. 2013, Gerssen et al, 2011, Ciminiello et 
al. 2006; 2011). These methods are characterized by a universal detection capability, 
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high sensitivity, high selectivity and specificity with regard to the analysis of 
phytoplankton and shellfish samples (Jauffrais et al. 2012, Suzuki et al. 2011). In July 
2011, Commission Regulation (EU) N° 15/2011 recognised LC-MS/MS as the 
reference method for the detection of lipophilic toxins and it has been used for routine 
purposes since (EURLMB, 2011). The main limitations of LC-MS/MS are, however, 
the restricted number of compounds that can be measured, and the fact that the types 
of toxins, targeted during analysis, should be determined in advance. An emergent 
issue of this targeted approach is the limitation to detect new compounds or 
metabolites from different sources (algae, shellfish tissue, cooked seafood, water 
samples, etc.). Until now, general analytical methods used for the detection of marine 
toxins have focused on the analysis of 13 lipophilic toxins. However, to date more 
than 200 lipophilic marine toxins have been described (Gerssen et al. 2011). The 
current European legislation has defined the permitted levels for lipophilic marine 
toxins in shellfish flesh (EURLMB, 2011). However, for spirolide (SPXs) groups no 
legislation has been set yet.  
To address the issues associated with the targeted LC-MS/MS approach, few valuable 
studies have used HPLC coupled to high resolution MS to determine toxin profiles 
including parent compounds, esters or otherwise modified biotoxins (Gerssen et al. 
2011, Domènech et al. 2014). Validation data on the quantitative and confirmatory 
applicability of HRMS to ensure the quality and comparability of the analytical 
results according to common procedures (2002/657/EC) are, however, lacking. It has 
been demonstrated that this full-scan MS approach with accurate mass measurements 
can be used to simultaneously analyse a virtually unlimited number of chemical 
compounds in complex matrices like shellfish flesh (Gerssen et al. 2011, Skrabakova 
et al. 2010), meat (Vanhaecke et al. 2013), urine (De Clercq et al. 2013) and 
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water/passive samplers samples (Wille et al. 2012). Other significant advantages of 
HRMS are the possibility to perform a retrospective evaluation of previously obtained 
data for many analogues and metabolites of marine toxins using its full-scan 
capabilities (Gerssen et al. 2011), but also untargeted screening for unknown toxins or 
metabolites through the use of metabolomics software. Moreover, UHPLC using 2-
μm stationary phase particles allows a shorter analysis time than HPLC and also 
improves chromatographic separation and peak shape with at higher sensitivity and 
selectivity and a significant reduction of matrix effects in lipophilic marine toxin 
analysis (Fux et al. 2007; 2008).  
Therefore, the objective of this study enclosed the optimization and validation of a 
fast, robust, accurate and quantitative UHPLC-Orbitrap HRMS method for the 
analysis of the regulated lipophilic toxins in the EU as well as 13-desmethil-spirolide-
C (SPX-1). With respect to the validation, an extensive study was carried out to 
demonstrate the applicability of the analytical approach, thereby using the guidelines 
of EU Commission Decision 2002/657/EC and the EURLMB SOP 2011. 
2. Materials and methods 
2.1 Chemicals and standards 
The certified calibration solutions for OA (CRM-OA-c 14.3 ± 1.5 µg mL
-1
), DTX-1 
(CRM-DTX-1 15.1 ± 1.1 µg mL
-1
), PTX-2 (CRM-PTX-2 8.6 ± 0.3 µg mL
-1
), AZA-1 
(CRM-AZA-1 1.24 ± 0.07 µg mL
-1
), SPX-1 (CRM-SPX-1 7.0 ± 0.4 µg mL
-1
) and 
certified reference material DSP-Mus-b (CRM-MUS-b 10.1 ± 0.8 ug g
-1
 OA and 1.3 ± 
0.2 ug/g
-1
 DTX-1) and AZA-Mus (CRM-AZA-MUS 1.16 ± 0.10 ug/g AZA-1) were 
obtained from the National Research Council, Institute for Marine Bioscience, (NRC-
CNRC), Halifax, Canada. YTX (CRM-YTX 6.2 ± 0.51 µg mL
-1
) was obtained from 
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the Laboratorio CIFGA, Lugo, Spain. Solvents were of analytical grade when used for 
extraction purposes and of MS-grade for UHPLC-MS applications. They were 
obtained from VWR International (Merck, Darmstadt, Germany). 
2.2 Instrumentation 
UHPLC analysis was carried out using a Thermo Fisher Scientific (San Jose, CA, 
USA) Accela UHPLC pumping system coupled to an Accela Autosampler and 
Degasser. Separation of the compounds was achieved on a Nucleodur C18 Gravity 
(1.8 µm, 50 mm x 2 mm, Macherey-Nagel, Düren, Germany) column. The mobile 
phase consisted of a mixture of ultrapure water (A) and acetonitrile (B) both 
containing 0.1% of ammonium hydroxide. A flow rate of 0.4 mL min
-1
 was used. 
Analyses were performed by running a linear gradient starting with 10% B, rising to 
100% B at 3.5 min, held for 1.5 min, before returning to the initial conditions of 10% 
B. All compounds could be separated in a total runtime of only 7 minutes. An 
injection volume of 10 µL was used and the column oven and tray temperature were 
30 °C and 15 °C, respectively. All analyses were acquired using the lock mass to 
ensure accuracy and reproducibility. 
Mass spectrometric analysis was carried out using an Exactive
TM 
benchtop Orbitrap 
mass spectrometer
 
(Thermo Fisher Scientific, San Jose, CA, USA) equipped with a 
heated electrospray ionization probe (HESI-II) operating in positive and negative ion 
mode. The mass resolution was set at 50,000 FWHM for m/z 200. However, taking 
into account the m/z values of the targeted marine toxins (range of 500-900 Da) and 
the resolution being function of mass, it may be assumed that actual mass resolution 
will be below 50,000 FWHM for the different marine toxins. Automatic gain control 
(AGC) target was set at balanced range (1 x 10
6 
ions). For confirmatory identification, 
fragmentation by high collision dissociation (HCD) was optimized using OA, DTX-1 
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YTX, PTX-2, AZA-1 and SPX-1 standard solutions. Ionization source working 
parameters were optimized and reported in Table 2.1. Initial instrument calibration 
was done by infusing calibration mixtures for the positive and negative ion mode 
(Thermo Fisher Scientific). The positive calibration mixture included caffeine, Met-
Arg-Phe-Ala acetate salt (MRFA) and Ultramark
®
 1621, while the negative 
calibration solution comprised sodium dodecyl sulfate, sodium taurocholate and 
Ultramark
®
 1621. These compounds were dissolved in a mixture of acetonitrile, water 
and methanol, and both mixtures were infused using a Chemyx Fusion 100 syringe 
pump (Thermo Fisher Scientific). The instrument control and data processing were 
carried out by Xcalibur 2.1 software (Thermo Fisher Scientific). 
 
Table 2.1. Instrumental parameters used for HESI (II) - ionization of marine lipophilic biotoxins. 
  Instrumental parameters Value 
  Spray voltage 4 kV 
  Sheath gas flow rate 30 au 
  Auxiliary gas flow rate 4 au 
  Sweep gas flow rate 2 au 
  Capillary temperature 250 °C 
  Heater temperature 300 °C 
  Capillary voltage 47.5 (−80) V 
  Tube lens voltage 90 (−190) V 
  Skimmer voltage 22 (−38) V 
 
2.3 Sample preparation 
 
Shellfish originating from the North Sea (Zeeland, the Netherlands) was obtained to 
represent edible species in the region. Mussels (Mytilus edulis), oysters (Crassostrea 
gigas), cockles (Cerastoderma edule) and sword razors (Ensis ensis) were separately 
prepared by rinsing the outside and inside of the shellfish with fresh water to remove 
any foreign material. The flesh was removed from the adductor muscle and tissue 
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connected at the hinge. The tissues were drained in a sieve to remove excess of salt 
water. Between 100 and 150 g of pooled tissue was homogenized in a blender 
according to EURLMB, 2011. This procede was repated for each species separetely. 
Two grams of the homogenized sample were extracted in triplicate and accurately 
weighed into a centrifuge tube. Tissue was extracted with 9 mL of methanol by 
vortexing for 3 min and subsequently centrifuged for 10 min at 2000 x g. The 
supernatant was then transferred to a 30-mL volumetric flask. This extraction 
procedure was repeated two more times, thereby each time starting from the residual 
tissue pellet. The supernatant of the second and third extraction step were pooled with 
the first extract into the 30 mL volumetric flask and then made up to 30 mL with 
methanol according to the adopted EURLMB 2011 guideline. 
2.4 Preparation of matrix-matched standards 
A multi-toxin stock standard solution was prepared at concentrations of 160 ng mL
-1
 
for OA, DTX-1, PTX-2 and AZA-1 and 1,000 ng mL
-1
 for YTX in methanol. Matrix-
matched standards (MMS) were used to make the calibration curves. Blank mussel 
extracts (450 µL) were spiked with different multi-toxin volumes (0, 15, 30, 45, 60, 
75, 90, 120 µL) corresponding to 0, 0.25, 0.50, 0.75, 1, 1.25, 1.5 and 2 times the 
current EU permitted levels (EURLMB, 2011). For SPX-1, a permitted level of 400 
μg kg-1 was chosen according to Gerssen et al. 2011. The total volume of each extract 
was made up to 600 µL with methanol. 
2.5 Preparation of extracts for determination of the performance characteristics 
 
Blank mussel and oyster extracts (450 µL) were used to prepare concentrations 
equivalent to 0.5, 1 and 1.5 times the permitted levels by spiking with respectively 30, 
60 and 90 µL of the multi-toxin stock standard solution. The total volume was 
adjusted to 600 µL with methanol. To determine the inter-species differences between 
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shellfish flesh, extracts (450 µL) of mussel, oyster, cockle and sword razor were 
spiked at 0.5 times the permitted level.  
To achieve and prove a good performance of the developed method, six samples of 
CRM DSP Mus-b containing 10.1 ± 0.8 ug g
-1
 OA and 1.3 ± 0.2 ug/g
-1
 DTX-1 and six 
samples of CRM AZA-Mus containing 1.16 ± 0.10 ug/g AZA-1 were extracted in the 
same way as described under section 2.3.  
2.6 Validation parameters 
 
The method was validated using the EU Commission Decision 2002/657/EC and 
EURLMB 2011 as guidelines. Six replicates of each of the three spiked levels (0.5, 1 
and 1.5 times the permitted limit) were analysed. Analysis was carried out on three 
separate occasions using different shellfish tissues (day 1 mussel, day 2 mussel and 
day 3 oyster). In this validation process, accuracy, specificity, selectivity, 
repeatability, within-laboratory reproducibility, decision limit (CCα), detection 
capability (CCβ), linearity, and ruggedness were determined. 
2.7 Quality assurance 
Prior to the sample analysis, a standard mixture of the target compounds was injected 
to check the operational conditions of the UHPLC-MS device. The identification of 
each lipophilic marine toxin was based on their accurate mass and specific retention 
time, as determined by the certified standard solution (Table 2.2). Additionally, 
confirmatory identification of the compounds was effectively performed by the 
presence of 
13
C/
12
C isotopic ratio according to the criteria described in CD 
2002/657/EC. Fragmentation by high collision dissociation (HCD) cell was also 
evaluated for confirmatory purposes through specific fragments adopted from Gerssen 
et al. (Gerssen et al. 2011). After identification, the compound concentrations were 
calculated by fitting their area into eight-point calibration curves, constructed by 
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blank shellfish flesh fortified with a mixture of certified standard solutions 
corresponding to concentrations of 0.25 to 2 times the current permitted levels 
(EURLMB, 2011).  
Table 2.2. Accurate mass of target lipophilic marine toxins with indication of retention time (tR), 
elemental composition, ionization modus and mass deviation. 
Marine 
Biotoxin 
tR 
(min) 
Elemental 
composition 
Ion. 
modus 
Accurate 
Mass-
charge 
value (m/z) 
Mass 
deviation 
(ppm) 
Okadaic acid 1.9 C44H68O13 - 803.46195 1.3 
Yessotoxin 1.9 C55H80O21S2Na2 - 570.23455 0.1 
Dinophysistoxin-1 2.1 C45H70O13 - 817.47745 1.4 
Azaspiracid-1 2.5 C47H71NO12 + 842.50457 0.1 
13-desmethyl 
spirolide C 
3.4 C42H61NO7 + 692.45239 0.1 
Pectenotoxin-2 3.4 C47H70O14 + 876.51069 0.1 
3. Results and discussion 
3.1 Shellfish extraction 
Shellfish extraction procedures were adopted from Gerssen 2010 and EURLMB 2011. 
As Gerssen et al. 2010 have reported, spiking on methanolic extracts is justified when 
the extraction efficiency is very high (above 90%). To increase the extraction 
efficiency, spiked and certified reference material were extracted three times with 
methanol confirming the MMS strategy as a good approach to compensate for matrix 
effects caused by seafood tissue and save of valuable toxins standards.   
3.2 UHPLC and HR-Orbitrap-MS optimization 
 
For the chromatographic separation of the targeted marine biotoxins three different 
columns were tested, i.e. the Acquity UHPLC BEH C18 (1.7 µm, 100 mm x 2.1 mm, 
Waters Co.), the Nucleodur C18 Gravity (1.8 µm, 50 mm x 2 mm, Macherey-Nagel, 
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Düren, Germany) and the XBridge BEH Phenyl (5 µm, 2.1 mm x 150 mm, Waters 
Co.) columns.   
Alkaline chromatographic conditions (pH 11) have been confirmed and validated as 
the most appropriate scenario for detection of lipophilic marine toxins and are 
currently recommended in literature (Garcia-Altares et al. 2013, Gerssen et al. 2010) 
and as such adopted in this study. According to the baseline separation and the 
retention time of the first and last eluting analyte, the Nucleodur C18 Gravity column 
was superior. Additional separation and optimal chromatographic resolution were 
obtained by careful selection of the gradient program. 
Before determining the optimal MS conditions previously described, toxin standards 
were directly infused into the HESI. For each analyte, the observed mass of the 
corresponding ion was compared to the theoretical mass that was calculated by 
Xcalibur 2.1 software. Mass deviations, expressed in parts per million (ppm), were 
defined as 10
6
 x [(measured mass – theoretical mass)/theoretical mass] and were 
found to be below 2 ppm. The software also provides an option for internal lock mass 
correction of Orbitrap data. As a precondition and precautionary measure for the 
analysis, the elimination of systematic mass drift by using internal lock mass for each 
compound was set up. Real time recalibration on the “lock mass” by correction of 
shifts removes mass errors associated with calibration of mass scale. Indeed, previous 
research (Bijttebier 2013) has demonstrated that higher mass accuracies could be 
obtained by using lock mass corrections, even at mass resolutions of 50,000 FWHM. 
These higher mass accuracies are particularly interesting when different types of 
matrix (other than mussels) are to be considered. Based on fortified shellfish flesh 
with each certified standard toxin group (OA, PTX, AZA, YTX and SPX), optimal 
HESI settings were determined by the peak area, peak shape and signal to noise ratio 
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(S/N). During optimization of the mass spectrometric resolution, a compromise 
between selectivity and sensitivity had to be made. An increased mass resolution is 
associated with a higher mass accuracy and therefore positively affects selectivity. 
However, high-resolution mass scans result in increased scan time, decreasing the 
number of chromatographic data points over a peak. Insufficient data points can 
dramatically affect the repeatability of the method and can decrease the sensitivity. 
Furthermore, lowering the mass resolution could also lead to an increased risk of false 
negatives because of a less accurate mass determination (Vanhaecke et al. 2013). For 
optimization of the mass resolution, different resolution settings (i.e. 10,000; 25,000; 
50,000 and 100,000 FWHM at m/z 200) were tested. For example, for OA (Figure 
2.1), a minimal mass resolution of 50,000 FWHM was required for sufficiently high 
mass accuracy and selectivity to enable the detection of this analyte within the 
selected mass extraction window of 5 ppm. On the other hand, selection of a mass 
resolution of 100,000 FWHM could adversely affect the sensitivity because of the 
reduced scanning speed compared to 50,000 FWHM.  
 64 
 
Figure 2.1 (A) Chromatograms of okadaic acid (m/z = 803.46195) at different mass resolutions with a 
fixed mass extraction window (i.e. 5 ppm). (B) Corresponding mass spectra of okadaic acid with 
indication of the observed mass deviation (in ppm) (B). Chromatograms and mass spectra were 
obtained upon analysis of a mussel flesh sample, fortified at 0.5 times the permitted level (i.e. 80 μg kg-
1
 for okadaic acid) 
Based on the analysis results of fortified (0.5 times the PL) shellfish samples, a 
resolution of 50,000 FWHM was found optimal for all marine toxins. Furthermore, 
different AGC targets were tested (i.e. ultimate mass accuracy, balanced and high 
dynamic range), whereby the balanced setting (1 x 10
6
 ions) was found optimal. 
Optimization of this parameter was mainly based on peak intensity, although S/N and 
mass accuracy were also taken into consideration. It should be noted that the ultimate 
mass accuracy resulted generally in the highest peak intensities. However, since YTX 
could only be detected with balance AGC-setting and peak intensities were only 
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slightly lower than with ultimate mass accuracy, this particular AGC-setting was 
selected. 
According to CD 2002/657/EC, HRMS applications require at least two diagnostic 
ions for the identification and confirmation of the selected compound. Therefore, the 
presence of the [M+H]
+
 or [M-H]
-
 ion with their specific retention times and 
respective mass accuracies were used as a first diagnostic ion. Secondly, the 
13
C/
12
C 
diagnostic isotopic ratio was selected since the use of HCD fragmentation proved to 
be less appropriate because the spectra, associated with the fragments, demonstrated 
significant interferences among low m/z-values. In addition, the analyzed marine 
toxins are characterized by a high molecular weight and a large amount of carbon 
atoms, causing the 
13
C/
12
C isotopic ratio to show a higher associated identification 
potential for the confirmation of the selected compound's identity. The theoretical 
relative isotope ratios for the various toxins were determined using Xcalibur 2.1 
software. Average observed isotope ratios were calculated for mussel samples, 
fortified at 0.5, 1, and 1.5 times the permitted level (n=18). Observed ratios were then 
compared with the theoretical values and evaluated towards the tolerance ranges, 
described in CD 2002/657/EC (Table 2.3). 
3.3 Validation study 
3.3.1 Specificity 
 
For both mussel and oyster tissue, the specificity of the method could be 
demonstrated by analysis and comparison of non-fortified (n=21) and fortified (n=18 
for mussels and n=6 for oyster) blank samples per level (Figure 2.2, data only shown 
for mussel samples). The blank samples were shellfish species, originating from the 
Belgian seafood market. Prior to the actual validation, the absence of the targeted 
marine toxins was verified by analysing for each species various representative non-
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fortified samples of the seafood stock. With respect to the fortification of the blank 
shellfish samples, certified toxin standards were separately added to reach 
concentrations levels of 0.5 (n=6), 1 (n=6) and 1.5 times (n=6) the permitted level.  
Since the chromatograms, associated with the non-fortified mussel samples (Figure 
2A), did not contain interfering matrix peaks at the respective retention times of the 
analytes spiked, good specificity was concluded. Furthermore, the chromatograms of 
the fortified samples displayed a significant increase in peak area intensity and 
showed no other matrix substances interfering at the specific retention time of the 
toxin (Figure 2B) when the chromatographic peak of interest had a signal-to-noise 
ratio of at least 3. As a result, based on these results and the criteria described in CD 
2002/657/EC, the developed method was found to be specific for our target toxins in 
the presence of mussel matrix. Moreover, based on the evaluation of the 
chromatograms, associated with the blank and fortified oyster, cockles and sword 
razor samples (section 3.3.5), good specificity for these matrices could be concluded 
as well. 
 
3.3.2 Selectivity 
 
Compounds were identified on the basis of their specific retention time relative to the 
retention time of the certified standard solution according to previous optimization 
described under section 3.3.1. In accordance to CD 2002/657/EC a minimum of 3 
identification points (IPs) is required for HRMS for confirmation of biotoxins listed in 
Group B of Annex I of Directive 96/23/EC (CD 96/23/EC, 1996). Therefore, IPs were 
achieved by [M+H]
+
 or [M¯H]
-
 ion and the corresponding 
13
C/
12
C isotopic ratio. The 
latter is, however, only suitable as a qualifier ion when the calculated relative ion 
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intensity complies with CD 2002/657/EC requirements (Table 2.3). A maximum mass 
deviation of 2 ppm was allowed within this study. 
3.3.3 Linearity 
 
The linearity was evaluated by preparing calibration curves in matrix (mussel tissue) 
using eight points, i.e. 0, 0.25, 0.5, 0.75, 1, 1.25, 1.50 and 2 times the EU permitted 
level (C. r. EURLMB 2011) for the different lipophilic toxins in triplicate. The 
linearity of the curve was calculated using the least-squares method. Matrix matched 
standards were prepared spiking toxin standards to methanolic extracts at 
concentration levels of 40 to 320 μg kg-1 for okadaic acid (OA), dinophysistoxin-1 
(DTX-1), pectenotoxin-2 (PTX-2), azaspiracid-1 (AZA-1), concentration levels of 
250 to 2000 μg kg-1 for yessotoxin (YTX) and concentration levels of 100 to 800 μg 
kg
-1
 for spirolide (SPX). Coefficients of determination (R
2
) obtained for each 
compound were ≥ 0.99 (Table 2.4). Our results were similar to previous reports 
(Garcia-Altares et al. 2013, Domènech et al. 2014, Gerssen et al. 2010). 
3.3.4 Accuracy 
 
The accuracy of the method was assessed by fortifying methanolic extracts at 0.5, 1 
and 1.5 times the permitted level (PL) (EURLMB, 2011) for each compound and 
comparing the amount of toxin spiked to the extract with the amount of toxin 
determined after analysis.  
 
Table 2.3: The usage of the 
13
C isotopic ion as a secondary diagnostic ion for confirmation of a 
compound’s identity was investigated by considering the 13C/12C ion ratio. Theoretical and observed 
relative ion ratios were evaluated towards the tolerance range, specified in CD 2002/657/EC. 
Toxin Elemental 
composition 
Theoretical 
isotope ratio 
(%) 
Observed 
isotope ratio 
(mean ± SD, %) 
(n=18) 
Tolerance 
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Okadaic acid C44H68O13 47.59 46.12 ± 1.53 ±25% 
Azaspiracid-2 C47H71NO12 50.83 51.93 ± 1.11 ±20% 
Pectenotoxin-2 C47H70O14 50.83 52.45 ± 3.15 ±20% 
Yessotoxin C55H80O21S2Na2 59.49 61.92 ± 1.45 ±20% 
Dinophysistoxin-1 C45H70O13 48.67 48.35 ± 1.83 ±25% 
13-desmethyl spirolide C C42H61NO7 45.43 46.13 ± 0.89 ±25% 
 
Mean corrected recoveries (n=18 per level) were calculated on three consecutive days 
and quantified using matrix matched calibration curves and evaluated by the CD 
2002/657/EC guidelines. It has been reported that LC-MS/MS under alkaline 
conditions (Garcia-Altares et al. 2013, Gerssen et al. 2010, Kilcoyne et al. 2010) and 
under less extreme pH conditions (Stobo et al. 2005, These et al. 2009) proved to 
have good calculated mean recoveries for many marine toxins, ranging between 80% 
and 120%. Generally, the obtained mean recoveries of each marine toxin were 
acceptable (Table 4), and just a few values were slightly low (OA ranging recovery of 
82.9% to 99.2% at half the permitted level). Furthermore, it was noted that in 
comparison with MS/MS (Garcia-Altares et al. 2013, Gerssen et al. 2010), and HRMS 
(Domenech 2014), calculated mean recoveries were in general higher in this work. 
To determine mean trueness (n=6 in total) using CRM DSP Mus-b and CRM AZA-
Mus, concentrations found were calculated and quantified using matrix matched 
calibration curves. Mean recovery for OA was 105.8% ± 5.3, for DTX-1 was 92.4% ± 
3.73 and for AZA-1 was 96.9% ± 6.2. 
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Figure 2.2 A Chromatogram of a non-fortified blank mussel sample. B Chromatogram of a blank 
mussel sample, fortified at 80 μg kg−1 for OA, AZA-1, PTX- 2, and DTX-1; 250 μg kg−1 for YTX; and 
100 μg kg−1 for SPX- 1. The mass extraction window was set at 5 ppm. 
3.3.5 Precision 
 
The precision of the assay, reflected by the repeatability and within-laboratory 
reproducibility, was investigated by means of the relative standard deviation (%RSD). 
For evaluating repeatability, three series of six replicates of samples were analyzed at 
concentrations, corresponding to 0.5, 1, and 1.5 times the PLs (EURLMB, 2011), i.e., 
80, 160, and 240 μg kg−1 for OA, DTX-1, PTX-1, and AZA-1; 500, 1,000, and 1,500 
μg kg−1 for YTX; and 200, 400, and 600 μg kg−1 for SPX-1.  
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Table 2.4 Multiple day validation results for the analysis of lipophilic marine biotoxins in shellfish at 0.5, 1, 1.5 x PL (mussel and oyster). 
 
Analyte 
Fortification 
level (μg kg-1) 
Mean recovery (%) 
Mean ± SD 
CCα (μg 
kg
-1
) 
CCβ (μg 
kg
-1
) 
Precision  Linearity 
Repeatability 
Within laboratory 
reproducibility R
2
 
RSD (%) (n=18) RSD (%) (n=24) 
OA 
80 90.0 ± 4     3.9 4.3   
160 95.4 ± 3 173 183 2.9 3.2 0.990 
240 103.3 ± 3 
  
2.8 2.9 
 
DTX-1 
80 92.7 ± 4 
  
4.8 4.3 
 
160 97.7 ± 5 167 174 4.3 4.6 0.993 
240 104.2 ± 4 
  
3.4 3.2 
 
PTX-2 
80 93.8 ± 3 
  
3.0 3.2 
 
160 98.2 ± 5 168 190 4.9 4.9 0.993 
240 100.1 ± 5 
  
4.7 4.5 
 
AZA-1 
80 96.3 ± 4 
  
3.9 3.9 
 
160 99.2 ± 3 169 179 3.4 3.4 0.994 
240 101.1 ± 3 
  
3.0 3.0 
 
YTX 
500 92.5 ± 4 
  
4.5 4.2 
 
1000 96.4 ± 4 1010 1047 4.4 4.0 0.990 
1500 102.5 ± 3 
  
4.2 3.6 
 
SPX -1 
200 98.1 ± 4 
  
4.1 4.0 
 
400 101.0 ± 5 406 425 3.9 3.6 0.992 
600 101.2 ± 4     3.8 3.5   
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This means that for repeatability in total, 54 samples were analyzed. These analysis 
were carried out on different days by the same operator under repeatable conditions. 
For each of the considered concentration levels, the overall relative standard deviation 
(coefficient of variance) for each of the targeted toxins and at each fortification level 
was calculated by considering the 18 samples, fortified at the respective concentration 
level. Prior to the actual calculation, the absence of outliers was verified and 
confirmed by SPSS
TM
 statistics 22.0 (outlier labeling rule, g = 2.2). The calculated 
%RSDs (Table 2.4) were evaluated based on the Horwitz equation according to CD 
2002/657/EC. For all toxins and at all concentration levels, obtained %RSDs were 
below the applicable threshold values. The lowest %RSD (i.e., 2.8%) was obtained 
for OA, spiked at 1.5 times the permitted level, and the highest %RSD (4.9%) was 
found for PTX-2, spiked at the permitted level (Table 2.4). Generally, our UHPLC-
HR-Orbitrap-MS repeatability was significantly better as compared to previous 
MS/MS (Garcia-Altares et al. 2013, Gerssen et al. 2010) or LC-HR-Orbitrap-MS 
reports (Domènech et al. 2014). 
The within-laboratory reproducibility (RSDR) was also evaluated by calculating the 
relative standard deviations (%RSD). Four series of six replicates of samples were 
analyzed at concentrations of 80, 160, and 240 μg kg−1 for OA, DTX-1, PTX-1, and 
AZA-1; 500, 1,000, and 1,500 μg kg−1 for YTX; and 200, 400, and 600 μg kg−1 for 
SPX-1. The first three series were analyzed by operator A and the fourth series was 
analyzed by operator B on a different day. The overall relative standard deviation for 
each of the targeted toxins was calculated by considering 24 samples. No outliers 
were detected. The outcome was evaluated by the Horwitz equation, CD 
2002/657/EC. The lowest RSDR was obtained for OA (2.9%) at 1.5 times the 
permitted level. The highest RSDR was obtained for PTX-2 (4.9%), analyzed at the 
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permitted level (Table 2.4). It was noted that also the within-lab reproducibility 
performed better using our UHPLC-HR-Orbitrap MS analysis as compared to 
MS/MS  or an alternative LC-HR-Orbitrap MS method, recently reported (Domènech 
et al. 2014). 
Different seafood matrices were tested to determine if the type of shellfish tissue 
plays a role on the recovery of marine toxins. According to the same extraction 
procedure explained under section 2.3 between 100 and 150 g of pooled tissue was 
homogenized for representative samples for each shellfish extract. Samples were 
spiked at 0.5 times the permitted level (Table 2.5). A MMS calibration curve was 
prepared in blank mussel tissue to quantify the concentration of toxins. The recovery 
was evaluated by comparing the amount of toxin spiked to the extract with the 
amount of toxin determined after analysis. Observed interspecies effects were 
comparatively low since RSDs were below 7% and mean recoveries between 90 and 
105% for all compounds. This corroborated the results of Gerssen et al. 2010, who 
reported RSDs of below 6.9% with MS/MS. In general, it may be concluded that 
MMS calibration curves in blank mussel extract may be used for other seafood 
matrices as well. 
Table 2.5. Recovery and repeatability of fortification extracts of various shellfish species at 0.5 x 
permitted level. 
                      Average concentration found (μg kg-1) 
Sample OA DTX-1 PTX-2 AZA-1 YTX SPX-1 
Mussels 75.0 76.4 71.0 78.5 480.5 198.4 
Oysters 73.6 83.0 73.4 79.5 458.7 199.6 
Ensis 68.6 85.1 78.7 90.5 426.2 212.4 
Cockles 69.3 85.0 82.8 87.9 436.8 219.6 
Recovery (%) 90.0 103.0 96.0 105.1 90.1 102.6 
RSDR (%) 4.1 5.5 7.0 6.9 5.2 6.8 
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3.3.6 Decision limit (CCα) and detection capability (CCβ) 
 
In accordance with CD 2002/657/EC, 21 blanks were fortified with multi-toxin 
mixtures at the permitted levels and analyzed. For these samples, the within-
laboratory reproducibility standard deviation (SDR) was calculated. CCα can be 
expressed as follows: 
CCα = PL + 1.64 x SDR 
in which PL is the permitted level for the toxins in μg kg−1 (Van Dolah, 2000). If the 
concentration of a toxin in a sample is found at or above the CCα, it can be concluded 
with a probability of 1-α or 95% (α=5%) that the sample is above the permitted level 
and thus noncompliant. The CCα values obtained were good (Table 2.4). 
The detection capability was determined from 21 blank extracts spiked with the 
analytes of interest at the decision limit. The CCβ value can be calculated using the 
next equation: 
CCβ = CCα + 1.64 x SDR 
in which CCα is the decision limit for the toxins in μg kg−1 and β = 5 % according to 
2002/657/EC. The CCβ values obtained were good (Table 4). Compared to the values 
in previous reports (Gerssen et al. 2010), the calculated CCα and CCβ values from 
this study were equal or even lower for all the compounds, indicating high sensitivity 
and good accuracy of the method. 
3.3.7 Ruggedness 
 
Small differences can occur within laboratory tests, which could explain for variation 
in the analysis results. Therefore, three factors were varied to determine their potential 
influence on the analysis. These factors included operator, matrix (mussels or 
oysters), and standard solution. To investigate the individual impact of these factors, 
samples with concentrations at the regulatory permitted limit were quantified at
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standard working conditions, thereby deliberately varying these factors (Table 2.6). 
For each of these factors, at least six samples were analyzed. The results (Table 2.6) 
showed minor modifications in the calculated concentrations as mean relative RSD 
values were lower than 4.9% (Table 2.6). In conclusion, for all factors investigated, 
RSDs were equal to or lower than the intra-laboratory RSDs. As a result, the method 
was found to be sufficiently robust under the chosen modifications. 
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Table 2.6. Ruggedness testing to determine the potential effects of varying assay conditions on sample quantification (mean calculated concentration values in g kg
-1
). 
  
Analyst Matrix Standard solution 
Toxin 
Fortification  
level  
(μg kg-1) 
 1            
Mean ± SD 
(n=6) 
 2  
Mean ± SD 
(n=6) 
%  
RSD 
Mussels  
Mean ± SD 
(n=6) 
Oysters  
Mean ± SD 
(n=6) 
%  
RSD 
 1              
Mean ± SD 
(n=6) 
2             
 Mean ± SD 
(n=6) 
% 
RSD 
OA 160 162.5 ± 3.8 162.9 ± 7.3 3.4 146.2 ± 4.9 140.6 ± 6.0 4.1 165.0 ± 4 155.5 ± 8 4.9 
DTX-1 160 158.6 ± 8.6 157.6 ± 7.8 4.9 155.1 ± 7.6 156.0 ± 4.3 3.8 164.8 ± 6 163.4 ± 9 4.8 
PTX-2 160 155.2 ± 7.4 156.5 ± 7.6 4.6 155.0 ± 7.1 157.3 ± 6.1 4.1 162.2 ± 3 165.3 ± 7 3.4 
AZA-1 160 159.0 ± 4.9 160.5 ± 6.2 3.3 166.4 ± 7.1 158.2 ± 4.9 4.4 163.1 ± 5 164.4 ± 5 3.0 
YTX 1000 974.3 ± 13.5 975.4 ± 12.4 1.2 993.9 ± 13.6 987.9 ± 11.1 1.2 1036 ± 10 1007 ± 13 1.8 
SPX-1 400 401.9 ± 11.8 406.8 ± 10.7 2.7 407.9 ± 10.1 402.5 ± 7.9 2.2 508 ± 12 509.9 ± 12 2.3 
 
 
 
 
 
4. Conclusions 
 
This study presents the successful validation of a HRMS base method using the 
Orbitrap MS for the analysis of five groups of marine biotoxins. The method was 
subjected under a careful and extensive validation according to common procedures, 
i.e. CD 2002/657/EC guidelines (2002/657/EC 2002). In this validation, accuracy, 
specificity, selectivity, repeatability, within-laboratory reproducibility, decision limit, 
detection capability, ruggedness, and linearity were tested, demonstrating excellent 
performance and superiority compared to previous studies in which MS/MS and HR-
Orbitrap-MS were applied in shellfish matrices. UHPLC-HR-Orbitrap-MS permitted 
more accurate and faster detection of the target toxins than previously described 
methods. 
Furthermore, HRMS allows to retrospectively screen for many analogues and 
metabolites using its full-scan capabilities but also untargeted screening through the 
use of metabolomics software such as ToxID
TM
. 
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Abstract  
During the last decade, a significant increase in the occurrence of harmful algal 
blooms (HABs), linked to repetitive cases of shellfish contamination has become a 
public health concern and therefore, accurate methods to detect marine toxins in 
different matrices are required. In this study, we developed a method for profiling 
lipophilic marine microalgal toxins based on ultra-high-performance liquid 
chromatography coupled to high-resolution Orbitrap mass spectrometry (UHPLC-
HR-Orbitrap-MS). Extraction of selected toxins (okadaic acid (OA), dinophysistoxin-
1 (DTX-1), pectenotoxin-2 (PTX-2), azaspiracid-1 (AZA-1), yessotoxin (YTX) and 
13-desmethyl spirolide C (SPX-1)) was optimized using a Plackett-Burman design. 
Three key algal species, i.e., Prorocentrum lima, Protoceratium reticulatum and 
Alexandrium ostenfeldii were used to test the extraction efficiency of OA, YTXs and 
SPXs, respectively. Prorocentrum micans, fortified with certified reference solutions, 
was used for recovery studies. The quantitative and confirmatory performance of the 
method was evaluated according to CD 2002/657/EC. Limits of detection and 
quantification ranged between 0.006 and 0.050 ng mL
-1
 and 0.018 to 0.227 ng mL
-1
, 
respectively. The intra-laboratory mean reproducibility ranged from 6.8 to 11.7 %, 
repeatability from 6.41 to 11.5 % and mean corrected recoveries from 81.9 to 119.6 
%. In addition, algae cultures were retrospectively screened for analogues and 
metabolites through a homemade database. Using the ToxID software program, 18 
toxin derivatives were detected in the extract of three toxin producing microalgae 
species. In conclusion, the generic extraction and full-scan HRMS approach offers an 
excellent quantitative performance and simultaneously allows to profile analogues 
and metabolites of marine toxins in microalgae. 
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1. Introduction 
 
The effects of climate change and climate variability on phytoplankton communities 
are becoming more common as illustrated by the increasing occurrence of significant 
effects from harmful algal blooms (HABs) on human health (Hinder et al. 2011, 
Hallegraeff, 2010, James et al. 2010). HABs are globally occurring phenomena that 
have tremendous environmental, sociocultural and economic impacts due to their 
associated public health costs, loss of marine biodiversity, food safety monitoring and 
the closure of shellfish and fisheries areas (Tirado et al. 2010, Park et al. 2013). 
During the last decade, several algal species such as Dinophysis sp. (Fux et al. 2011) 
(Nielsen et al. 2012; 2013) Prorocentrum sp. (Caillaud et al. 2010, Lopez-Rosales et 
al. 2014), Protoceratium reticulatum (Gallardo et al. 2010, Roder et al. 2012) and 
Azadinium sp. (Tillmann et al. 2010, Salas et al. 2011) have been cultured in the lab 
and confirmed as prominent marine toxin producers. These unicellular organisms 
respond to favorable conditions in monospecific events to form dense concentrations 
of cells. Mollusks such as filter-feeding shellfish (Gerssen et al. 2011, Rundberget et 
al. 2011), gastropods (Lee et al. 2012), cephalopods (Lopes et al. 2013) and fish 
(Valdiglesias et al. 2013) ingest phytoplankton from different sources and act as a 
vector to humans, causing different poisoning episodes. Phycotoxins do not only 
affect human health but are also responsible for massive die-offs of fish, marine 
mammals, birds and shellfish (Van Dolah, 2000). To safeguard the human consumer, 
regulations have been established and harmful phytoplankton and marine biotoxin 
monitoring programs have been implemented, worldwide (Anon., 2004, Anoni., 
2005). 
Based on their chemical properties, two classes of marine toxins can be distinguished, 
i.e., the hydrophilic and lipophilic substances. Up to now, five groups of phycotoxins 
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have been established as a regulated marine lipophilic toxins by EU, i.e. okadaic acid 
(OA) and its analogues, dinophysistoxins (DTXs), pectenotoxins (PTXs), azaspiracids 
(AZAs) and yessotoxins (YTXs). Cyclic imines like spirolides (SPXs) have not been 
included yet by EU commission. In recent years, these groups have been routinely 
monitored in shellfish using LC-MS/MS, based methods as proposed by the European 
Union Reference Laboratory for Marine Biotoxins (EURLMB). However, the use of 
full-scan high-resolution MS has recently been proposed as an alternative analytical 
platform for the quantitative measurement of marine lipophilic toxins in shellfish 
(Domènech et al. 2014, Garcia-Altares et al. 2014) and excellent validation data have 
been obtained with this methodology (Orellana et al. 2014). Indeed the quantitative 
performance of HR-Orbitrap MS has proved to be even better than MS/MS and 
excellent validation data have been obtained with this methodology (Orellana et al. 
2014). Furthermore, HR-Orbitrap MS allows to retrospectively screen for many 
analogues and metabolites, including untargeted compounds, using its full-scan 
capabilities and metabolomics software (Van Meulebroeck et al. 2012). 
During the past 30 years, the number of studies on potential toxic microalgae, new 
compounds and their analogues has increased significantly (De la iglesia et al. 2013). 
However, optimized and validated analytical procedures for a simultaneous analysis 
of different groups of lipophilic marine toxins in algal matrix have not been reported 
yet and only few studies focused on the development of quantitative methods for one 
group of toxin (Jauffrais et al. 2012). Optimized extraction protocols for different 
dinoflagellate species have been reported, but most of them focus on a limited number 
of compounds within one class, single algae strains and/or single extraction steps 
(Nielsen, 2012; 2013, Roder et al. 2012, Jauffrais et al. 2012). To allow for an early 
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warning of potential shellfish poisoning events through phytoplankton monitoring, a 
fast, general and accurate method is needed (Hallegraeff, 2010). 
In this study, a new generic extraction procedure for marine toxins from algal species 
is proposed followed by a targeted UHPLC-HR-Orbitrap MS analysis. The method of 
detection has been developed in a previous report (Orellana et al. 2014) and applied to 
guarantee a fast and accurate analysis. The developed method was validated for 
representative compounds of the five main groups of marine lipophilic biotoxins in 
algal matrix. To establish a generic extraction enabling the maximum possible yield in 
terms of relevant known and unknown intracellular toxins, a Plackett-Burman (PB) 
experimental design was applied. As far as we know, no studies have reported on the 
application of a validated method by HR-Orbitrap MS for these five groups of 
lipophilic marine toxins in algae. Finally, different microalgae strains were screened 
for the presence of multiple lipophilic marine intracellular toxins and metabolites 
using profiling software and a database adopted and updated from Gerssen et al. 2011. 
2. Materials and Methods 
2.1 Chemicals and standards 
 
Certified calibration solutions for OA (CRM-OA-c 14.3 ± 1.5 μg mL-1), DTX-1 
(CRM-DTX-1 15.1 ± 1.1 μg mL-1), PTX-2 (CRM-PTX-2 8.6 ± 0.3 μg mL-1), AZA-1 
(CRM- AZA-1 1.24 ± 0.07 μg mL-1), SPX-1 (CRM-SPX-1 7.0 ± 0.4 μg mL-1) and 
YTX (CRM-YTX 5.6 ± 0.3 μg mL-1) were obtained from the National Research 
Council, Institute for Marine Bioscience (Halifax, Canada). Solvents were of 
analytical grade when used for extraction purposes and of LC-MS grade for UHPLC-
MS applications. They were obtained from VWR International (Merck, Darmstadt, 
Germany). Ultrapure water was obtained using a purified-water system (VWR 
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International, Merck, Darmstadt, Germany). Millex-GV syringe filters (PVDF 0.22 
μm) were obtained from Millipore (Darmstadt, Germany) and glass beads of 0.5 mm 
were purchased from Thistle Scientific Ltd. (Glasgow, UK). 
2.2 Instrumentation 
 
UHPLC analysis was carried out using a Thermo Fisher Scientific Accela UHPLC 
pumping system (San Jose, CA, USA) coupled to an Accela Autosampler and 
Degasser. Separation of the compounds was achieved on a Nucleodur C18 Gravity 
column (1.8 μm, 50 mm × 2 mm, Macherey-Nagel, Düren, Germany). The mobile 
phase consisted of (A) ultrapure water and (B) acetonitrile, both containing 0.1% of 
ammonium hydroxide. A flow rate of 0.4 mL min
-1
 was used. Analyses were 
performed by running a linear gradient starting with 10% B, rising to 100% B at 3.5 
min, held for 1.5 min, before returning to the initial conditions of 10% B. All com 
pounds were separated in a total run time of 7 min. An injection volume of 10 μL was 
used and the column oven and tray temperature were set at 30°C and 15°C, 
respectively. 
Mass spectrometric analysis was carried out on an Exactive
TM
 benchtop Orbitrap 
mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), equipped with a 
HESI-II probe and operating both in switching polarity mode. The mass resolution 
was set at 50,000 FWHM for m/z 200 Da. However, taking into account the specific 
m/z-values of the targeted marine toxins (range of 500–900 Da) and the resolution 
being a function of mass, it may be assumed that actual mass resolution will be below 
50,000 FWHM for the different marine toxins. AGC target was set at balanced range 
(1 × 10
6
 ions). Ionization source working parameters were optimized according to 
Orellana et al. (2014). An m/z-scan range of 100 – 1200 Da was chosen, based on the 
m/z-values of the lipophilic target compounds that are included in current literature. 
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Initial instrument calibration was established by infusing calibration mixtures for the 
positive and negative ion modes (Thermo Fisher Scientific). The positive calibration 
mixture included caffeine, Met-Arg-Phe-Ala acetate salt (MRFA) and Ultramark
®
 
1621, while the negative calibration solution comprised sodium dodecyl sulphate, 
sodium taurocholate and Ultramark
®
 1621. These compounds were dissolved in a 
mixture of acetonitrile, water and methanol and both mixtures were infused using a 
Chemyx Fusion 100 syringe pump (Thermo Fisher Scientific). The instrument control 
and data processing were carried out by Xcalibur 2.1 software (Thermo Fisher 
Scientific). This software also provides an option for internal lock mass correction of 
Orbitrap data. As a precondition and precautionary measure, internal lock mass was 
used for each compound in order to eliminate potential systematic mass drift during 
analysis (Orellana et al. 2014). 
2.3 Algal cultures 
 
Prorocentrum micans (CCAP 1136/20), Prorocentrum lima (CCAP 1136/9), 
Alexandrium ostenfeldii (CCAP 1119/45) and P. reticulatum (SCCAP K-1478) strains 
were obtained from the culture collection of algae and protozoa, Scottish Marine 
Institute (CCAP) and from the Scandinavian culture collection of algae and Protozoa 
(SCCAP). Species were grown in Erlenmeyer flasks with L-1 medium based on 
autoclaved natural seawater (Guillard 1993) at a salinity of 30 ± 2 psu and pH of 8 ± 
0.5. They were grown at 20 ± 1.0°C in a temperature controlled room, at an irradiance 
of 100 μmol photons m2 s-1, controlled by a timer to obtain a light:dark cycle of 12:12 
h. The number of cells was determined using a Sedgewick-Rafter counting cell. 
2.4 Sample preparation 
 
Statistical designs for the extraction optimization. 
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A two-step statistical model design was used to optimize the analytical extraction 
procedures for intracellular lipophilic marine toxins produced by microalgae. This 
model allowed to efficiently identify the dependent variables by a factorial Plackett-
Burman (PB) design (Plackett & Burman 1964, Beres et al. 2001), and optimize the 
values of variables identified by response surface modeling (RSM) (Bezerra et al. 
2008). The design was carried out using 2-mL single-species culture samples 
containing 10,000 cells mL
-1
 of the different toxin producer microalgae (i.e., P. lima, 
P. reticulatum and A. ostenfeldii). This high concentration of cells was chosen to 
facilitate the evaluation of the absolute effects from each of the various variables. As 
a first step, 10 variables were selected, based on conditions found in literature 
(Nielsen, 2012; 2013, Hackett et al. 2009, Paz et al. 2011) and investigated by using 
the PB design. This model consists of a two-level design to investigate N-1 variables, 
with N runs, where N should be a multiple of 4. The excessive variable was set as 
dummy (Anastacio et al. 2013). This particular step allowed to determine which 
variables had a significant influence on the extraction efficiency. The second step 
consisted of the further optimization of the influential variables through RSM. To this 
end, a Central Composite Face (CCF) design was applied. Furthermore, glass beads 
were included as a variable in a new PB design. The software program Modde 5.0 
(Umetrics, Umea, Sweden) was used for modelling the experimental design matrix 
and data analysis. Evaluation of the models was done through a one-way variance 
analysis (ANOVA) test (p-values < 0.05).  
2.5 Final extraction protocol 
 
The PB design was carried out based on 10,000 cells mL
-1
 (2 mL) of single species 
samples of different toxin producer microalgae (i.e., P. lima, P. reticulatum and A. 
ostenfeldii). This high concentration of cells was chosen since absolute 
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chromatographic peak areas of the individual compounds were used to evaluate the 
absolute effects of the different variables. A Solid-liquid extraction was performed by 
adding 3 mL of methanol and vortexing for 1 min. At this point, 2 g of glass beads 
were added to the centrifuge tube, after which the tube was shaken for 10 min and 
subsequently sonicated for 15 min. The methanolic extract was centrifuged for 8 min 
at 1200 × g. The supernatant was then transferred to a 15-mL centrifuge tube. This 
extraction procedure was repeated twice, each time starting from the residual tissue 
pellet. The supernatant of the second and third extraction step were pooled with the 
first extract in the same 15 mL centrifuge tube. The total extracted volume was dried 
under a gentle stream of nitrogen at a temperature of 40 °C. The residue (1 mL) was 
directly transferred into a vial and stored at −20 °C prior to UHPLC-HR-Orbitrap-MS 
analysis. 
2.6 Preparation of matrix-matched standards. 
 
A multi-toxin stock standard solution was prepared at concentrations of 10 ng mL
-1
 
for AZA-1 and 160 ng mL
-1
 for OA, DTX-1, PTX-2, SPX-1 and YTX in methanol. 
Matrix- matched standards (MMS) were used to make the calibration curves. For this 
reason, 2 mL of control algae (P. micans) extracts were spiked with different multi-
toxin volumes (0, 25, 50, 75, 100, 150, 200 μL) corresponding to final concentrations 
ranging from 0 to 2 ng mL
-1
 for all compounds. 
2.7 Analytical method validation 
 
The analytical method was validated in order to evaluate its applicability and 
robustness. At present, no specific guidelines for the validation of the quantitative 
determination of marine lipophilic toxins in non-edible matrices are available. 
Therefore, this validation and its quantitative performance were evaluated for 
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confirmatory analysis of regulated lipophilic marine toxins in microalgae according to 
CD 2002/657/EC guidelines, adopting the protocol proposed by Antignac et al. 2003. 
To determine an appropriate concentration range for method validation, a 
representative environmental concentration of cells (harmful algae) was taken into 
account. Based on current literature (Nielsen, 2012; (Hackett et al. 2009, Reguera et 
al. 2012, Diaz et al. 2013), a concentration of 100 cells mL
-1
 was selected as a 
representative scenario. Production of marine toxins per cell may, however, vary and 
depends on various factors including light, species strain, temperature, salinity and pH 
(Nielsen, 2013). Average marine toxin algal concentrations between 0.4 and 100 pg 
cell
-1
 have been reported in literature (Jauffrais et al. 2012, Aasen et al. 2005, 
Nascimento et al. 2005, Fux et al. 2010, Ciminiello et al. 2014, Medhioub et al. 2011). 
To this end, based on the data of preliminary experiment with our three cultures, a 
value of 5 pg cell
-1
 was taken as a reliable scenario of toxin production. In this regard, 
it was opted to take as an upper limit twice this toxin concentration to somewhat 
anticipate towards natural variation. Therefore, 7 mL (100 cells mL
-1
) of blank algae 
cultures (P. micans) were spiked at 0.5, 1 and 2 ng mL
-1
 of multi-toxin stock standard 
solution, representing the nominal concentration to evaluate trueness and precision. 
To determine the specificity of the method, six replicates of each of the three spiking 
levels (0.5, 1 and 2 ng mL
-1
) were analyzed at three separate occasions using P. 
micans cultures as blank matrix. The linearity of the method was evaluated through 
the coefficient of determination (R
2), which should be ≥0.99 (2002/657/EC 2002) and 
the lack-of-fit test, which is a well-known linearity evaluator (Karmes et al. 1991). 
Additionally, potential effects of matrix interferences on the quantitative performance 
were assessed through specificity/selectivity evaluation. This allows to verify whether 
a compound encounters any matrix interference in the context of peak integration and 
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the detection of false positives. Furthermore, the use of matrix-matched calibration 
curves should correct for potential matrix effects. A one-sided F test, with a 5% 
significance level, was applied to determine whether the variance around the 
regression line was larger than the variance within the sample. To determine the 
precision of the developed analytical method, repeatability and within-laboratory 
reproducibility were evaluated based on the calculated relative standard deviation 
(%RSD). The limits of detection and quantification were determined in 18 fortified 
samples, as the lowest level at which a compound could be identified with a S/N 
greater than 3 and 10, respectively. Furthermore, these levels were confirmed by 
spiking six blank samples per compound with the respective LOD. 
2.8 Algal toxin profile 
 
The target compounds included in the toxin profile involve a long list of analogues 
(Vale et al. 2009, Li et al. 2012, Paz et al. 2013, Ciminiello et al. 2006), which can be 
successful detected by using the full-scan HRMS approach. Moreover, this technique 
reduces the dependence on reference standard material to identify the marine toxins. 
Operating the software program ToxID 2.1.2 (Thermo Fisher Scientific, San José, 
USA), the full-scan data of three culture extracts were efficiently screened. To this 
end, a ToxID database from Gerssen et al. 2011 was modified by adding new 
compounds (Ciminiello et al. 2010, Roach et al. 2009, Ciminiello et al. 2007, Aasen 
et al. 2006) and molecular formulas of 98 relevant toxins (Garcia-Altares et al. 2014, 
Cruz et al. 2006, Paz et al. 2008, Britton et al. 2003, Paz et al. 2007, Miles et al. 2005, 
Hu et al. 2001, Sleno et al. 2004, Hu et al. 1996, MacKinnon et al. 2006). Since no 
suitable information about the retention time of these compounds was available, 
identification was based on the presence of two diagnostic ions, i.e. the [M+H]
+
, 
[M−H]- and [M−2H]2- ion and the corresponding 13C isotopic ion. For ToxID 
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settings, a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm 
were included. 
2.9 Quality assurance 
 
Prior to the sample analysis, a standard mixture containing the parent toxins (i.e. OA, 
DTX-1, PTX-2, AZA-1, YTX and SPX-1) was injected to check the operational 
conditions of the UHPLC-MS device. Identification of these marine toxins was based 
on the accurate mass and specific retention time, as determined by the certified 
standard solution. Additionally, confirmatory identification of the compounds was 
performed based on the 
13
C/
12
C isotopic ion ratio, according to the criteria described 
in CD 2002/657/EC. After identification, the compound concentration levels were 
calculated in the context of method validation, thereby fitting their peak areas into 
seven- point calibration curves, constructed by fortifying blank algae with a mixture 
of certified standard solutions corresponding to concentrations between 0 and 2 ng 
mL
-1
 for all compounds. It should be noted that the selected marine toxins were 
considered as representative for the main toxins classes, whereby the obtained 
validation results and associated method performances can be assumed for other 
marine toxins from the same classes. 
3. Results 
3.1 Optimization of extraction procedure 
A Plackett-Burman experimental design was applied to statistically evaluate the effect 
of 10 variables on the extraction (Table 3.1). Each variable was assigned two levels, 
i.e. a high level (+) and low level (−) and the experiments were performed in a 
random order as determined by Modde 5.0. Toxin extraction was based on 10,000 
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cells mL
-1
 of P. lima, P. reticulatum and A. ostenfeldii for the extraction of OA and 
DTXs, YTXs and SPXs, respectively.  
Table 3.1 Selected variables and specified value ranges for the Plackett-Burman design.  
 
  
Level 
Variable Unit Upper value Lower value 
Volume of sample mL 5 2 
Type of solvent - MeOH Acetone 
Number of extractions - 3 2 
Time of shaking Min 5 1 
Volume of extraction 
solvent 
mL 6 3 
Centrifugation speed x g 12000 800 
Time of centrifugation Min 10 5 
Time of sonication Min 15 2 
Filtration of the extract - Yes No 
Glass beads - Yes No 
 
The effect of each variable was statistically evaluated by means of a coefficient plot, 
visualizing the applied partial least-squares regression analysis. To do so, the absolute 
peak areas of each compound were taken into account. The variables volume of 
sample, filtration of the extract, type of solvent used (methanol or acetone) and 
centrifugation speed, had significant positive effects on the extraction efficiency 
(Figure 3.1). Furthermore, based on the coefficient plots, it was observed that a third 
extraction and higher time of sonication had a positive, but non-significant, effect on 
the extraction efficiency for YTX. To select the most promising settings for the final 
extraction protocol, RSM was performed using a central CCF design (Figure 3.2) 
after determining the significance of the critical variables. A second Plackett-Burman 
design showed that the inclusion of glass beads in the extraction protocol had a 
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significant positive effect on cell lysis (85%). This qualitative variable need, however, 
not further optimization using RSM. 
 
Figure 3.1 The Plackett-Burman coefficient plot for OA with volume of sample, type of solvent 
(MeOH and acetone), use of glass beads, filtration of the extract, and centrifugation speed as 
significant factors (p<0.05). 
3.2 Validation study 
 
3.2.1 Specificity 
 
The specificity of the method was demonstrated by analysis and comparison of non-
fortified (n=21) and fortified (n=18) blank samples (Table 3.2). As a non-toxic 
microalgae, P. micans provided a blank matrix, which was subsequently fortified with 
all compounds. Prior to the actual validation, the absence of the targeted marine 
toxins in the blank samples was verified by analyzing the species during different life 
stages. With respect to the fortification of the blank microalgae samples, certified 
toxin standards were separately added to reach concentration levels of 0.5 (n=6), 1 
(n=6) and 2 (n=6) ng mL
-1
. 
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Figure 3.2 Response surface plots obtained for the variables centrifugation speed and volume of 
culture for P. lima (Okadaic acid) (A) and P. reticulatum (Yessotoxin) (B) after statistical analysis of 
the Plackett-Burman experimental design.  
 
The chromatograms of 21 blank samples (Figure 3.3A) indicated that there were no 
other interfering matrix peaks at the respective retention times of the targeted 
compounds. For the fortified samples, the chromatograms displayed a significant 
increase in peak area intensity and showed no other matrix substances interfering at 
the specific retention time of the toxin (Figure 3.3B) when the chromatographic peak 
of interest had a signal-to-noise ratio of at least 3. Based on these results and the 
criteria described in CD 2002/657/EC, the developed method was found to be specific 
for our target toxins in a microalgae matrix. 
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Table 3.2 Multiple day validation results for the analysis of lipophilic marine toxins in microalgae. Six repetitions per six sampled were carried out each day of the 
validation. 
Analyte 
Fortification level 
(ng mL
-1
) 
Mean recovery  
(%)  
LOD (ng mL
-1
) LOQ (ng mL
-1
) 
Precision Linearity 
Repeatability 
Within laboratory 
reproducibility           R
2
 
RSD (%) (n=18) RSD (%) (n=24) 
OA 
0.5 103.9 
  
9.6 9.1 
 
1 107.3 0.04 0.14 9.1 9.6 0.990 
2 102.9 
  
7.6 11.0 
 
DTX-1 
0.5 110.5  
  
6.6 7.2 
 
1 109.0 0.03 0.09 9.7 9.9 0.998 
2 104.9 
  
8.8 9.0 
 
PTX-2 
0.5 103.8 
  
11.5 11.7 
 
1 101.7 0.07 0.23 10.8 11.1 0.993 
2 105.7 
  
9.6 10.2 
 
AZA-1 
0.5 92.7 
  
8.6 8.8 
 
1 92.3 0.07 0.24 7.8 8.0 0.997 
2 96.0 
  
8.4 8.5 
 
YTX 
0.5 107.6 
  
9.3 9.5 
 
1 109.3 0.05 0.17 6.4 7.9 0.994 
2 95.8 
  
9.6 10.6 
 
SPX -1 
0.5 100.4 
  
8.6 8.6 
 
1 102.6 0.06 0.20 6.5 6.8 0.995 
2 104.5     8.9 9.0 
 
 
 
 
 
96 
 
 
Figure 3.3 A Chromatogram of a non-fortified blank microalgae sample. B Chromatogram of a blank 
microalgae sample, fortified at 0.25 ng mL
-1
 for all compounds. C Chromatogram of a blank 
microalgae sample, fortified at the limit of detection for each compound, i.e., 0.04 ng mL
-1
 for OA, 
0.03 ng mL
-1
 for DTX-1, 0.07 ng mL
-1
 for PTX-2, 0.07 ng mL
-1
 for AZA-1, 0.05 ng mL
-1
 for YTX and 
0.06 ng mL
-1
 for SPX-1. The mass extraction window was set at 5 ppm. 
3.2.2 Selectivity 
 
Compounds were identified on the basis of their specific retention time relative to the 
retention time of the certified standard solution according to the previous optimization 
described under Statistical designs for the extraction optimization section. In 
accordance to CD 2002/657/EC, a minimum of three IPs is required for HRMS to 
confirm biotoxins listed in Group B of Annex I of Directive 96/23/EC (CD 96/23/EC 
1996). Therefore, IPs were achieved by [M+H]
+
 or [M-H]
−
 ion and the corresponding 
13
C/
12
C isotopic ratio. The latter is, however, only suitable as a qualifier ion when the 
calculated relative ion intensity complies to CD 2002/657/EC requirements: for 
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theoretically determined relative intensities of >20 to 50%, >10 to 20% and ≤10%, the 
maximum permitted tolerances were, respectively, ±25%, ±30% and 50%. A 
maximum mass deviation of 5 ppm was allowed within this study. Previous reports 
(Orellana et al. 2014, Van Meulebroeck et al. 2012, Vanhaecke et al. 2013, Lehner et 
al. 2011, Stoev et al. 2012) indeed confirmed that isotope abundances provide 
increased confidence of identification, as employing high-resolution enables 
observation of isotopic structure. 
3.2.3 Linearity 
 
Linearity was evaluated by preparing calibration curves in matrix (mussel) using 
seven points, i.e., 0.0, 0.25, 0.50, 0.75, 1.0, 1.5 and 2.0 ng mL
-1
, for each lipophilic 
toxin in triplicate. The linearity of the curve was calculated using the least-squares 
method. Matrix-matched standards were prepared by spiking toxin standards to 
methanolic extracts. Coefficients of determination (R
2
) obtained for each compound 
were ≥ 0.99 (Table 3.2), which corroborates results in previous reports (Jauffrais et al. 
2012) and complies with CD 2002/657/EC directive requirements. Furthermore, the 
linearity was statistically evaluated using the lack-of-fit test (probability values). This 
was assessed by building a univariate linear regression model (SPSS version 22.0) 
with triplicate calibration concentrations as independent variables and the respective 
area ratio as dependent variables. The resulting regression model equations were all 
linear (F test; p < 0.05; R
2
 ≥ 0.99). Model validity was additionally confirmed by 
absence of any lack-of-fit (95% confidence interval). 
3.2.4 Precision 
 
To evaluate the precision of the developed analytical method, repeatability and 
within-laboratory reproducibility were investigated by means of the relative standard 
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deviation (%RSD). For evaluating repeatability, three series of six replicates of 
samples were analyzed at concentrations corresponding to 0.5, 1 and 2 ng mL
-1
. These 
analyses were carried out by the same operator under repeatable conditions on 
different days. For each of the considered concentration levels, the overall relative 
standard deviation (coefficient of variance) for each of the targeted toxins and at each 
fortification level was calculated by considering the 18 samples. Prior to the actual 
calculations, the absence of outliers was verified and confirmed using SPSS
TM
 22.0 
(outlier labeling rule, g=2.2). The calculated %RSDs (Table 3.2) were evaluated 
based on the Horwitz equation according to CD 2002/657/EC. For all toxins and at all 
concentration levels, obtained %RSDs were good and only a few values were slightly 
higher than the applicable threshold values. The %RSD ranged between 5.65 and 
14.5% (Table 3.2). 
The within-laboratory reproducibility (RSDR) was also evaluated by calculating the 
relative standard deviations (%RSD). Four series of six replicates of samples were 
analysed at a concentration of 0.5, 1 and 2 ng mL
-1
. The first three series were 
analysed by operator A and the fourth series was analysed by operator B on a 
different day. The overall relative standard deviation for each of the targeted toxins 
was calculated by considering 24 samples. No outliers were detected. The outcome 
was evaluated by the Horwitz equation (2002/657/EC 2002). The calculated RSDR 
values ranged between 5.31 and 14.2% (Table 3.2). This indicates good within-
laboratory reproducibility. 
3.2.5 Mean recovery 
 
The mean recovery of the method was assessed by fortifying methanolic extracts with 
toxin (prior to actual extraction) and then comparing the amount of toxin spiked with 
amount of toxin determined after analysis. To this end, three fortification levels (0.5, 
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1 and 2 ng mL
-1
) with six replicates for each level were considered, which rendered a 
total of 18 samples. Marine toxin concentration levels in these samples were 
quantified using matrix-matched calibration curves and recoveries were calculated 
taking into account the expected (i.e. reached by fortification) concentration levels. 
Subsequently, the mean recovery was determined for each toxin by averaging the 
recoveries that have been calculated for each sample. These mean recoveries were 
evaluated according to CD 2002/657/EC. It has been reported that LC-MS/MS proved 
to have good calculated mean recoveries for many marine toxins in microalgae, 
ranging between 96 and 114% (Jauffrais et al. 2012, Dahlmann et al. 2003). As only a 
few azaspiracid-1 samples attained slightly lower values (87%), the obtained mean 
recoveries of each marine toxin considered in this study were generally acceptable 
(Table 3.2). 
 
Figure 3.4 Chromatograms of the various marine toxins, obtained by UHPLC-HR-Orbitrap-MS 
analysis. Samples of P. lima (A, B), P. reticulatum (C, D) and A. ostenfeldii (E, F, G, H) were 
extracted according to the optimized protocol. The mass extraction window was set at 5 ppm. The 
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targeted analytes concerned okadaic acid (A), dinophysistoxin-1 (B), yessotoxin (C), 1a-homo-YTX 
(D), 13- desmethyl spirolide C (E), spirolide C (F), spirolide F (G) and analogue 22 (H). 
 
Since no certified reference material was available, trueness was determined as the 
mean corrected recovery by using the fortified microalgae samples. Values for each 
compound are reported in Table 3.2 and were similar to values reported in literature, 
i.e., between 96 and 114% (Jauffrais et al. 2012, Dahlmann et al. 2003). 
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Table 3.3. Lipophilic marine toxins, detected in the extracts (n = 7) of 3 species of cultivated microalgae. The software program ToxID was applied for screening of marine 
toxins, for which a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were used. 
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(ppm) 
Ion. 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio (%) 
Variation 
(SD) 
Tentative name 
Algae toxin 
producer 
Reference 
C44H68O13 1.97 803.45966 1.11 - 47.08 50.21 3.75 Okadaic acid Prorocentrum lima (P. V. Vale 2009) 
C45H70O13 2.15 817.47589 1.82 - 48.67 51.08 1.84 Dinophysistoxin-1 Prorocentrum lima (P. V. Vale 2009) 
C62H102O14 2.56 1069.72071 0.94 - 67.06 63.84 6.51 18:0 OA Prorocentrum lima (A. M. Gerssen 
2011) 
C53H82O15 5.58 957.55944 1.42 - 57.32 57.32 4.68 5,7-dihydroxy-2,4- 
dimethylene-heptyl 
okadaate  
Prorocentrum lima (P. V. Vale 2009) 
C47H73O14 3.69 860.49431 1.84 - 50.83 50.48 5.79 27-O-acetylo OA methyl 
ester 
Prorocentrum lima (T. B. Hu 2001, 
Sleno 2004) 
C54H82O14 3.30 953.56481 1.76 - 58.41 54.46 7.74 7-hydroxymethyl-2-
methylene-octa-4,7-
dienyl okadaate  
Prorocentrum lima (P. V. Vale 2009) 
C55H82O21S2 2.01 570.23316 1.64 - 17.37 17.24 3.18 Yessotoxin* Protoceratium 
reticulatum 
(A. M. Gerssen 
2011) 
C56H84O22S2 2.02 1171.48209 0.39 - 60.57 69.55 5.67 45OH-1a-homo-YTX Protoceratium 
reticulatum 
(A. M. Gerssen 
2011) 
C56H84O21S2 2.05 1155.48645 0.12 - 60.57 58.11 6.09 1a-homo-YTX Protoceratium 
reticulatum 
(A. M. Gerssen 
2011) 
C46H70O21S2 2.03 1023.39434 1.89 + 49.75 36.60 3.17 Analog 11YTX Protoceratium 
reticulatum 
(J. L. Li 2012) 
C45H74O24S2 3.24 1063.40865 0.22 + 48.67 51.43 3.88 Analog 22 YTX Protoceratium 
reticulatum 
(J. L. Li 2012) 
C48H72O23S2 3.22 1079.38415 0.79 - 51.92 42.37 6.13 41 formyl-39oxo-YTX Protoceratium 
reticulatum 
(A. M. Gerssen 
2011) 
C42H62NO7 2.19 693.46112 1.75 + 45.43 43.25 3.08 13-desmethyl Spirolide 
C 
Alexandrium 
ostenfeldii 
(T. C. Hu 1996, 
Sleno 2004) 
C43H64NO7 3.54 705.46202 1.51 - 46.51 24.90 0.98 Spirolide C Alexandrium 
ostenfeldii 
(T. C. Hu 1996) 
C43H66NO7 2.99 707.47675 0.14 - 46.51 52.24 4.32 Spirolide D Alexandrium 
ostenfeldii 
(P. D. Ciminiello 
2014) (T. C. Hu 
1996) 
C42H66NO7 2.53 695.47691 0.37 - 45.43 25.53 2.71 Spirolide F Alexandrium (Roach 2009) 
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ostenfeldii 
C40H62NO6 2.98 653.46503 0.1 + 43.26 43.69 2.98 Spiroide I Alexandrium 
ostenfeldii 
(P. D. Ciminiello 
2007) 
*Yessotoxin was detected as [M-2H]
2- 
3.2.6 Limits of detection and quantification. 
 
The limit of detection (LOD) and limit of quantification (LOQ) are the lowest levels 
at which a compound can be identified or quantified with a S/N of ≥3 or 10, 
respectively (Van Meulebroeck et al. 2012). The detection and quantification limits 
for the lipophilic marine toxins under consideration were in first instance theoretically 
calculated based on seven-point calibration curves in matrix (blank algae) (Table 3.2). 
More specifically, a relationship between concentration level and S/N was established 
for each of the considered toxins, which allowed deducing the LOD and LOQ values. 
Subsequently, the calculated limits of detection were empirically confirmed by 
spiking six blank algae samples per compound to reach the corresponding 
concentration levels, which were found to be associated with a S/N of ≥3 (Figure 
3.3C). Therefore, the LOD and LOQ in this study were considerably lower than those 
reported in current literature, demonstrating the advantage of the newly developed 
extraction and the Orbitrap-HRMS platform for microalgae toxin analysis. 
3.3 Marine toxin profiling in algal cultures 
 
Microalgae cultures of P. lima, P. reticulatum, A. ostenfeldii (toxin producers) and P. 
micans (non-toxin producer) were cultured for 2 weeks and subsequently harvested 
during the stationary phase, i.e., when cells are reported to contain the highest toxin 
concentrations (Roder 2012, Nascimento 2005). Seven samples per specie-culture 
were taken for further toxin analysis. For A. ostenfeldii, the harvest was carried out 
during the lag phase or initial growth phase (Medhioub et al. 2011). The P. lima strain 
contained OA and DTX-1 as parent toxins. The simultaneous presence of OA and 
DTX-1 has been well reported from different strains (Nascimento et al. 2005, Vale et 
al. 2009, Li et al. 2012). Additionally, 14:3 OA and 18:0 OA esters (Gerssen et al. 
2011); 27-O-acetyl OA (Britton et al. 2003) and 5,7-dihydroxy-2,4-dimethylene-
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heptyl okadaate and 7-hydroxymethyl-2-methylene-octa-4,7-dienyl okadaate diol 
esters (Paz et al. 2007) were found in the strain. The YTX producing strain, P. 
reticulatum, showed two main toxins; yessotoxin and 1a-homo-YTX. Additionally, 
45OH-1a-homo-YTX, 41formyl-39oxo-YTX and analogue 11 and 22 were found 
(Figure 3.4). These results are similar to previous reports (Gerssen 2011, Paz et al. 
2013, Miles et al. 2005). The strain A. ostenfeldii showed a spirolide profile which 
was characterized by the dominance of spirolide C (Hu et al. 2001), spirolide F (Hu et 
al. 1996), spirolide I (Roach et al. 2009), 13-desmethyl spirolide C (Hu et al. 2001) 
and spirolide D (Medhioub et al. 2011, Hu et al. 1996) (Table 3.3). 
4. Conclusions 
 
In this study, lipophilic marine toxins were screened by considering an m/z scan range 
of 100–1200 Da, which was chosen based on the main marine toxins, reported in 
literature. However, since emerging marine toxins with larger molecular structures 
and masses are currently detected in different matrices, the selection of a wider m/z 
scan range (e.g., up to 2,000) would be advisable. This enhanced broadband detection 
would not affect method performance due to the specific operation of the Orbitrap 
whereby scan time is independent of selected mass range. Furthermore, future work 
should focus on a study involving simultaneous analysis of polar and non-polar com- 
pounds in a single injection, including alternative LC possibilities such as HILIC. A 
generic extraction protocol and full-scan high-resolution Orbitrap MS detection 
method were successfully developed and validated for five groups of lipophilic 
marine microalgae toxins. Firstly, the extraction procedure was efficiently optimized 
using a Plackett-Burman experimental design. This allowed us to identify the 
variables that significantly affect the recoveries of lipophilic marine toxins in 
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microalgae. Additionally, the design permitted to select variables such as low solvent 
usage, less time of centrifugation and less extraction steps. Besides, a successful 
validation according to CD 2002/657/EC criteria by UHPLC-HR-Orbitrap MS was 
performed, resulting in a good performance of the method in terms of linearity, 
trueness, precision, LOD and LOQ. Finally, data resulting from analysing three 
different toxin producing algal cultures with this method were screened 
retrospectively using the software program ToxID, leading to the detection of 18 
different toxin compounds. In conclusion, the generic extraction and full-scan HRMS 
approach offer an excellent quantitative performance and simultaneously allows to 
profile analogues and metabolites of marine toxins in microalgae. 
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Abstract 
 
Lipophilic marine biotoxins (LMBT), which are mainly produced by small 
dinoflagellates, are increasingly detected in coastal waters across the globe. As the 
organisms are consumed by zooplankton and shellfish, their toxins are introduced, 
bioaccumulated and possibly biomagnified in marine food chains. Recent research has 
demonstrated that ultra-high performance liquid chromatography coupled to high-
resolution mass spectrometry (UHPLC-HRMS) is an excellent tool to detect LMBT in 
algae and seafood. In this study, HRMS was used to screen LMBT in organisms from 
different trophic levels of the Belgian coastal zone ecosystem.  A total of 21 
tentatively identified lipophilic compounds were detected. The trophic transfer of 
LMBT to the upper trophic level was demonstrated to be rather limited. Furthermore, 
36% of the compounds were clearly transferred between different organisms. A 
significant biotransformation of compounds from the okadaic acid and spirolide toxin 
groups was observed (64%), mainly in filter feeders and fish. Through an untargeted 
approach, this study showed that marine organisms in the Belgian coastal zone are 
exposed to a multi-toxin mixture. Further research on both single compound and 
interactive toxic effects of these frequently detected LMBT esters metabolites 
throughout the food chain is therefore warranted. As a future perspective, a 
confirmatory identification of potential toxins by studying their fragmentation spectra 
(using new tools such as hybrid qudrupole Q-Exactive
TM
-MS) is envisaged.   
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1. Introduction 
 
The occurrence of marine harmful algae is increasing around the globe (Ciminiello et 
al. 2014, Valdiglesias et al. 2013, Diaz et al. 2015). Natural dispersal as well as 
anthropogenic activities (e.g. shellfish translocation, global shipping, and ballast 
water discharge) have introduced these algae to non-native regions (Liebich et al. 
2012, Miller et al. 2010, Hallegraeff, 2010). The discharge of nutrients from 
domestic, industrial and agricultural wastes further contributes to the increased HAB 
frequency (Miller et al. 2010). Since filter-feeding bivalves consume algae, the 
accumulation of one or more LMBT from harmful phytoplankton is a well-known 
food safety threat in the shellfish industry (Garcia-Altares et al. 2012, Rundberget et 
al. 2011; Marcaillou et al. 2010). Seafood accumulates marine biotoxins, even more 
so during HABs, which may lead to increased accumulation at higher trophic levels 
(Costa et al. 2013, Lage & Costa, 2013, Lopes et al. 2013, Franchini et al. 2010, 
Reguera et al. 2004). Lower trophic levels such as zooplankton that graze on harmful 
microalgae experience considerable adverse effects (Hegaret et al. 2009, Vasconcelos 
et al. 2010). Moreover, through bioaccumulation, the intoxication of higher trophic 
level feeders such as fish, marine mammals, seabirds and humans can occur (Turner, 
2004, Alvarez et al. 2010, Silva et al. 2010). Additionally, harmful algae may also 
directly impact higher trophic levels (e.g. fish kills) through direct contact or anoxia 
when large blooms of algae decompose (Turner 2004, Peperzak et al. 2008, Van der 
Woerd et al. 2011, Hoppenrath et al. 2007).  
Bioaccumulation is a key criterion used in European legislation (Gobas et al. 2009, 
Schafer et al. 2015) to assess and manage the safety of chemicals and pollutants in 
aquatic systems and food webs. Bioaccumulation can be defined as a net 
accumulation of a chemical by an organism as a result of uptake from all kind of 
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environmental sources (Drexler et al. 2003). Screening estimates of bioaccumulation 
may include biomagnification, whereby the substance concentration in an organism is 
higher than in its diet (and the diet is the main exposure pathway), and trophic 
dilution, whereby the substance concentration in an organism is lower than in its diet. 
The processes of bioaccumulation of LMBT in marine environments are often very 
dynamic since marine biotoxins are continuously accumulated from the available 
phytoplankton species and transferred to different organisms through the food chain. 
Furthermore, bioaccumulation may depend on abiotic factors such as temperature, 
suspended organic matter and biotic factors such as age, sex and lipid content of an 
organism. While substantial work has been carried out on LMBT production from 
algal toxin producers and to a lesser extent on the environmental conditions that affect 
toxin production, very little research has been conducted to investigate trophic 
transfer of LMBT in the marine environment. 
The North Sea is a rather shallow semi-enclosed basin of continental shelf water, 
surrounded by the European continent, the Scandinavian Peninsula and Great Britain 
(Speybroeck et al., 2007; Vanden Eede et al., 2004). In the past, harmful algae such as 
dinoflagellates were thought to follow the global trend and increase in the North Sea 
environment (Perperzak et al., 2003; Edwards and Johns, 2003; Hallegraeff, 2010). 
Recently, however, Hinder et al. (2011) reported a significant decrease in 
dinoflagellates and increase in diatom abundance, which may indicate an opposing 
shift in the plankton composition in the North Sea. Naturally occurring toxin 
producers (Hinder et al. 2011, Krock et al. 2008, Krock et al. 2009, Krock et al. 
2014), shellfish accumulation (James et al. 2002, Van der Fels-Klerx et al. 2012), and 
poisoning reports from around the North Sea have been well documented (Hinder et 
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al. 2011, Whyte et al. 2014). However, research on lipophilic toxin profiles in 
organisms from different marine trophic levels is lacking.  
As proposed in the Marine Spatial Plan (2014), aquaculture activities are to be 
developed in the Belgian Part of the North Sea (BPNS) (Maes, 2013, MARE, 2015). 
The 67 km of the near-straight Belgian coastline is characterized by the presence of 
(sand) beaches, stone groins and concrete dykes (Speybroeck et al. 2007, Vanden 
Eede et al. 2004). Along this coastline, key edible species can be found such as 
mussels, oysters and crabs. However, both the broad public and the scientific 
community are not aware of the possible occurrence and accumulation of these 
marine biotoxins as no routine HAB monitoring is in place. Therefore, it is important 
to understand the marine toxin status within the different marine key species of this 
environment.  
The main goal of this study was to investigate the prevalence of various lipophilic 
toxins in key edible organisms from different trophic levels collected in the Belgian 
coastal system. During the last decade, LC-MS/MS was the method of choice to 
detect a priori defined LMBT in seafood and marine matrices (Rodriguez et al. 2015; 
Krock et al. 2008; Gerssen et al. 2010, kilcoyne & Fux, 2010). More recently, HRMS 
has been confirmed as an even better tool to conduct the synchronous detection of 
targeted and untargeted LMBT in different matrices because of its highly accurate 
mass measurements and full-scan properties (Blay et al. 2011; Garcia-Altares et al. 
2014, Domènech et al. 2014, Orellana et al. 2014, Orellana et al., 2015, De la iglesia 
et al. 2013). Here, HRMS analysis was used to study the occurrence and trophic 
transfer of toxins in marine organisms of the BPNS. Toxin extracts of living marine 
organisms, sampled both inshore and offshore, were used to study the 
bioaccumulation of LMBT.  
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2. Material and methods 
2.1 Chemicals and standards  
 
Certified calibration solutions for OA (CRM-OA-c 14.3 ± 1.5 µg mL
-1
), DTX-1 
(CRM-DTX-1 15.1 ± 1.1 µg mL
-1
), PTX-2 (CRM-PTX-2 8.6 ± 0.3 µg mL
-1
), AZA-1 
(CRM-AZA-1 1.24 ± 0.07 µg mL
-1
), SPX-1 (CRM-SPX-1 7.0 ± 0.4 µg mL
-1
), and 
YTX (CRM-YTX 5.6 ± 0.3 µg mL
-1
) were obtained from the National Research 
Council, Institute for Marine Bioscience (Halifax, Canada). Reference material, i.e. 
shellfish tissue containing OA, DTX-1, AZA-1, AZA-2 and AZA-3 were kindly 
donated by Dr. Mirjana Andjelkovic. Analytical grade solvents were used for 
extraction purposes while LC-MS grade was reserved for UHPLC-MS applications. 
They were obtained from VWR International (Merck, Darmstadt, Germany). 
Ultrapure water was obtained using a purified-water system (VWR International, 
Merck, Darmstadt, Germany). Millex-GV syringe filters (PVDF 0.22 µm) were 
obtained from Millipore (Darmstadt, Germany) and glass beads of 0.5 mm were 
purchased from Thistle Scientific Ltd. (Glasgow, UK). 
2.2 Study area and sample collection 
 
Multiple locations within the BPNS were sampled between July and September 2014. 
An overview of the study area and the sampling stations is provided in Figure 4.1. Six 
sites were chosen around the Ostend harbor and the adjacent sluice dock, i.e. an 
artificial seawater basin of 85 ha (ST 1- ST 6). Another six coastal (open water) sites 
(Figure 4; 130, 330, 230, 700, 710, 780) were sampled using the research vessel 
Simon Stevin. This sampled area is characterized by natural sand banks, with water 
depths varying between 10 and 24 m. Water samples were taken by using Go-Flow
®
 
bottles and a CTD (Conductivity, Temperature, Depth) carrousel. Phytoplankton and 
zooplankton were then isolated by filtering the seawater through a plankton net with a 
 118 
mesh size of 15 µm or 80 µm, respectively. A minimum of 50 L of seawater was 
filtered at each station. The concentrated sample was stored in one liter flasks at 4°C 
for further analysis of phytoplankton and zooplankton composition, toxin extraction 
and profiling. The phytoplankton and zooplankton community composition was 
determined using a stereo and/or an inverted microscope. Organisms were identified 
to the lowest taxonomic level possible. The different marine organisms were sampled 
if present in the environment. Specimens (i.e. shrimp (Crangon crangon), shellfish 
(Mytilus edulis, Crassostrea gigas and Patella sp.), shore crab (Carcinus maenas) and 
fish (Trachurus trachurus L. Carangidae) were either sampled by hand (harbor and 
sluice dock stations) or using a beam trawl operated from the research vessel. Each 
sample was stored in a 2-L zipper bag and transported to the laboratory for 
subsequent analysis.  
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Figure 4.1 Map of the Belgian Part of the North Sea, coastal zone and harbour indicating the location 
of the sampling stations. Each number corresponds to a particular station i.e. 1 correspond to ST 1. 
 
2.3 Instrumentation 
 
Detailed information about the instrumentation applied in this chapter has been 
described in Chapter III, section 2.2. 
2.4 Toxin screening  
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For targeted and untargeted toxin screening, the full-scan HRMS data were assessed 
against an extensive compounds database, comprising information on the molecular 
formula, 13C/12C isotopic ion ratio (2002/657/EC) and relative retention time of 90 
marine biotoxins (Orellana et al. 2015). This particular database was constructed 
based on the work of Gerssen et al. (2011), complemented with 52 additional, 
relevant toxins or toxin metabolites (James et al. 2002, Garcia-Altares et al. 2014, Paz 
et al. 2007). Screening performed using the software program ToxID 2.1 (Thermo 
Fisher Scientific, San José, USA). A positive hit was based on the presence of the 
[M+H]
+
, [M-H]
-
, [M+Na]
+
, [M+NH]
+
 or [M+NH4]
+
 ion and the corresponding 
13
C 
isotopic ion. For each compound, the observed masses were compared to the 
theoretical masses, whereby mass deviations, expressed in parts per million (ppm), 
had to be below 5 ppm. These analyses were calculated by Xcalibur 2.1 software and 
ratios were compliant with CD 2002/657/EC (2002). 
2.5 Sample preparation 
2.5.1 Sample pre-treatment 
 
The concentrated phytoplankton samples were filtered according to Orellana et al. 
(2015). Samples were thereby divided into PVC tubes, which have a net with a mesh 
size of 10 µm at the bottom. The pellet retained in the mesh was washed with 
ultrapure water to remove salts from the sample. The filter was then placed into a 
falcon tube and backwashed with 3 mL of methanol. The same procedure was applied 
for zooplankton, although the mesh size was adapted to 80 µm to retain zooplankton 
and remove small phytoplankton and salts. Shellfish samples were pre-treated 
according to Orellana et al. 2014 and EURLMB (2015). In summary, shellfish were 
prepared by rinsing the outside and inside with ultrapure water to remove any foreign 
material. The tissues were drained in a sieve to remove excess salt water. Around 100 
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g of pooled tissue was homogenized in a blender according to EURLMB (2015). 
Shrimps and crabs were dissected after storage, whereby the carapax was removed 
and the tissue was rinsed with ultrapure water to remove any foreign material. After 
that, 100 g of pooled tissue was homogenized in a blender, and the following steps 
were similar to the shellfish extraction. Fish were dissected to separate and extract the 
intestine, stomach, liver and muscle tissues. All samples were transported in ice to the 
laboratory and stored at -20°C for posterior analysis. 
2.5.2 Toxin extraction 
 
A generic extraction of lipophilic marine biotoxins was applied to explore the 
occurrence of these compounds within the different organisms of the BPNS. Toxin 
extraction from phytoplankton was carried out according to Orellana et al. 2015. In 
short, the falcon tubes containing 3 mL of methanol with a pellet of phytoplankton (1 
wet g ± 0.1) were vortexed for 1 min. At this point, one g of glass beads were added 
to each tube, shaken for 1 min., and subsequently sonicated for 15 min. The 
methanolic extract was centrifuged for 8 min at 12,000 x g. The supernatant was then 
transferred to a 15 mL centrifuge tube. This extraction procedure was repeated twice, 
each time starting from the residual tissue pellet. The supernatant of the second and 
third extraction step were pooled with the first extract in the same 15 mL centrifuge 
tube. This pooled extract was dried under a gentle stream of nitrogen at a temperature 
of 40 °C. The residue (±1 mL) was transferred into a vial and stored at -20 °C prior to 
UHPLC-HR-Orbitrap MS analysis. To extract the toxins from zooplankton, a 
homogenization step (2 min in the ultra turrax™) was added at the start of to the 
phytoplankton protocol. Toxin extraction from shellfish was modified from 
EURLMB (2015) and Orellana et al. (2014). One g of the homogenized sample was 
extracted in methanol in triplicate and accurately weighed in a centrifuge tube. Tissue 
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was extracted with 3 mL of methanol by vortexing for 3 min and subsequently 
centrifuged for 10 min at 12,000 x g. The supernatant was then transferred to a 15-mL 
centrifuge tube. These extraction steps were repeated two more times, thereby each 
time starting from the residual tissue pellet. The supernatant of the second and third 
extraction phase were pooled with the first extract into the 15-mL centrifuge tube and 
then made up to 9 mL with methanol. The total extracted volume was dried under a 
gentle stream of nitrogen at a temperature of 40 °C. The residue (1 mL) was directly 
transferred into a vial and stored at -20 °C prior to UHPLC-HR-Orbitrap-MS analysis. 
Tissues of fish (stomach, intestine, liver and muscle tissue) and crab (hepatopancreas 
and reproductive organs) were dissected and extracted according to the shellfish toxin 
protocol.  
2.5.3 Preparation of matrix matched standards 
 
Matrix matched standards (MMS) were used for quantification purposes. To this end, 
1 wet gram of control algae (Prorocentrum micans) extracts were spiked with 
different multi-toxin volumes (0, 25, 50, 75, 100, 150, 200 µL) corresponding to final 
concentrations ranging from 0 to 8 ng mL
-1
 for all compounds. These calibrations 
curves were used to quantify toxins in phytoplankton and zooplankton. Secondly, a 
blank of one gram of blank homogenate of mussel tissue was spiked with two 
different multi-toxin stock standard solutions to quantify the target toxins in shellfish, 
shrimp and fish. Concentrations for the first solution were according to Orellana et al. 
(2014). For the second stock standard solution, mussels extracts were spiked with 
multi-toxin volumes (0, 15, 30, 45, 60, 75, 90, 120 μL) corresponding to 0, 5, 10, 15, 
20, 25, 30, 40 μg kg-1. In the case of shellfish, three calibration curves at low levels 
were constructed for each target compound. Good determination coefficients (R
2
) and 
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coefficients of variation (CVs) were obtained for the six compounds at these low 
concentrations. 
2.6 Bioaccumulation assessment 
 
To estimate trophic transfer of LMBT, biomagnification factors (BMFs) were 
determined. Briefly, BMFs were applied in a single trophic relationship (i.e. 
phytoplankton-zooplankton, phytoplankton-shellfish, zooplankton-shrimp and 
zooplankton-fish) since the marine organisms sampled are not part of a multi-trophic 
relationship at the different sampling stations. The BMF is defined as the quotient of 
the contaminant concentration at trophic level n (Cn) by that at the next lowest trophic 
level (Cn-1) (Laskowski 1991, Newman 2010).  
BMF = Cn /Cn-1 
where Cn is the wet weight concentration of a compound in the predator, expressed in 
μg kg-1 wet weight, whereas Cn-1 is the wet weight concentration of the same 
compound in the prey or diet. If the BMF is less than 1, trophic dilution is suggested 
(Newman et al. 2010). To normalize concentrations in organisms, values were 
corrected by recalculating whole-body concentrations for large organisms like fish. 
2.7 Quality assurance 
 
Prior to the sample analysis, a standard mixture containing the parent toxins (i.e. OA, 
DTX-1, PTX-2, AZA-1, YTX and SPX-1) was injected to check the operational 
conditions of the UHPLC-HRMS instrument. Identification of these known marine 
biotoxins was based on the accurate mass and specific retention time, as determined 
by the respective certified standard solution. Additionally, confirmatory identification 
of the compounds was performed based on the 
13
C/
12
C isotopic ion ratio, according to 
the criteria described in CD 2002/657/EC. The compound concentration levels were 
then calculated by fitting their peak areas into seven-point calibration curves, 
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constructed by fortifying blank algae with a mixture of certified standard solutions 
corresponding to concentrations between 0 and 8 ng mL
-1
 for all compounds. Blank 
mussel tissue was also fortified to construct an eight-point calibration curve 
representing 0 to 2 times the current permitted level for all compounds. The 
quantification of each target toxin was determined using the calibration curves in the 
matrices described above. Marine biotoxins, for which no analytical standards were at 
hand, were (semi)quantified using HRMS response ratio. This is a justifiable strategy 
as excellent selectivity was observed for the parent toxins, the newly detected 
metabolites were well separated from other matrix compounds, and there was a strong 
resemblance of these metabolites with the parent ions in terms of chemical structure, 
pointing towards rather similar ionisation behaviour (Torgerssen et al. 2008).   
3. Results 
 
3.1 Environmental influence 
 
During sampling, the water column was vertically mixed. This was confirmed by 
Conductivity Temperature Depth (CTD) analysis at all sampling stations at the sea. 
The sea surface temperature ranged between 20.0 and 23.8°C at the Ostend harbour 
station and from 15.0 to 16.3°C offshore. The pH ranged from 7.8 to 8.3 in Ostend 
harbor and from 7.6 to 7.9 offshore. Salinity ranged from 29.8 to 33.7 psu, exhibiting 
little difference between the inshore and offshore stations (Table 4.1). Similar 
environmental conditions in the BPNS have been described by Muylaert et al. 2006 
and Van Ginderdeuren et al. 2013. 
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Table 4.1. General description of the sampling sites with description of the marine organisms found (n=10). Ph = phytoplankton,  
Zoo = zooplankton, Sh = shrimp, Cr = crab, Li = Limpet, Mu = mussels, Oy = oyster, Fi = fish 
Area Station Latitude Longitude 
Salinity 
(psu) 
Depth of 
sampling 
(m) 
T (°C) 
 
Distance to 
the shore 
(km) 
Sample type 
Ostend 
1 51° 22' N 2° 29' E 30.1 Surface 21.0 < 1 Ph, Zoo, Sh, Cr, Mu 
2 51° 22' N 2° 94' E 30.4 Surface 22.7 < 1 Ph, Zoo, Sh, Cr, Mu 
 
3 51° 23' N 2° 95' E 30.2 Surface 23.5 < 1 Ph, Zoo, Sh, Cr, Mu, Li 
 
4 51° 23' N 2° 92' E 31.4 Surface 21.1 < 1 Ph, Zoo, Sh, Cr, Oy 
 
5 51° 24' N 2° 92' E 31.1 Surface 20.5 < 1 Ph, Zoo, Sh, Cr, Mu 
 
6 51° 25' N 2° 93' E 31.2 Surface 20.1 < 1 Ph, Zoo, Cr, Mu 
Sea 130 51° 16' N 2° 54' E 31.8 1 to 5 15.7 5 Ph, Zoo, Sh 
 
230 51° 18' N 2° 51' E 31.7 1 to 10 15.2 10 Ph, Zoo, Sh 
 
330 51° 26' N 2° 48' E 33.4 1 to 15 16.1 25 Ph, Zoo, Sh, Fi 
 
700 51° 22' N 2° 13' E 30.2 1 to 5 15.3 5 Ph, Zoo, Sh 
 
710 51° 26' N 2° 81' E 31.9 1 to 10 15.2 15 Ph, Zoo, Sh, Fi 
  780 51° 28' N 3° 35' E 33.3 1 to 15 15.3 20 Ph, Zoo, Sh, Cr 
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The harbour of Ostend, including the sluice dock Spuikom, is affected by the channel 
Bruges-Ostend, resulting in lower salinities and higher nutrient and suspended matter 
concentrations.  
3.2 Sample identification 
 
Phytoplankton species were identified using an inverted microscope, zooplankton 
community was analyzed by stereomicroscopy. All organisms were identified to the 
lowest taxonomic level possible according to literature (Muylaert et al. 2006, Van 
Ginderdeuren et al. 2013; 2014, Cattrijsse et al. 1997, Vale & Sampayo, 2002, 
Vansteenbrugge et al. 2014; Tomas et al. 1996, Van Den Hoek et al. 1995). 
Microscopic analyses of the samples collected at the eleven sampling stations 
revealed a dominance of diatoms and Phaeocystis within the phytoplankton 
community. Diatoms were the most abundant group in all samples characterized by 
Chaetoceros spp., Rhaphoneis amphiceros, Odontella aurita, Leptocylindricus 
danicus, Actinoptychus senarius and Rhizosolenia spp. The highest numbers of 
Phaeocystis cells (10
2 
cells L
-1
) were found at stations 700 and 710. Dinoflagellates 
(P. micans) were also found but in relatively low quantities (<10 cells L
-1
). In this 
study, no other dinoflagellates or toxin producers were found.  Zooplankton species 
showed a rather similar abundance in all samples. Calanoid copepods were most 
abundant in all stations with an average of 26 ind m
-3
. Decapoda sp. such as 
Brachyura zoea were also abundant (10 ind m
-3
) and oyster larvae were found at high 
concentrations (67 ind m
-3
) in one inshore station (station 4).  
Brown shrimp (Crangon crangon) and shore crab (Carcinus maenas) were found 
close to the coast. Molluscs (Mytilus edulis, Crassostrea gigas and Patella sp.) were 
also sampled along the shoreline. The horse mackerel (Trachurus trachurus), a 
migratory fish species, was found at the offshore stations (330 and 780) (n=12). 
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Stomach content analysis revealed a diet with a remarkable high amount of small fish 
and zooplankton species. However, due to advanced decomposition of stomach 
content it was impossible to identify the diet composition in more detail. Each of 
these sampled organisms i.e. crabs, shrimp, mussels, oysters, limpets and fish were 
identified in situ (Folmer et al. 2004, Van Mol et al. 2007, Murta et al. 2000).  
3.3 Analysis of lipophilic marine biotoxins in different trophic levels  
 
In this study, for the first time in the BPNS, the screening of lipophilic across multiple 
trophic levels was analyzed. Moreover, potential emerging toxins like SPXs (Figure 
4.2) were tentative identified in different marine organisms. A total of 470 samples 
were analyzed. Except for shore crabs, at least one or more lipophilic toxins were 
fully or tentative detected in all organisms analyzed. Concentrated phytoplankton 
samples showed very low amounts of LMBT in all stations sampled.  
Certainly, the most common toxin group found in this study were OA and SPXs. A 
high estimated concentration of the fatty ester metabolites from the OA/DTX-2 group 
including 16:0 OA, 18:4 OA and 20:5 OA was observed in almost all mussels (90%). 
Parent compounds such as OA and YTX, however, were less frequently observed 
(5%) in the sampled biota. The highest concentrations of OA/DTX-2 and YTX found 
in oyster and mussels were 39.15 μg kg-1 and 178.01 μg kg-1, respectively. 
Additionally, esters from the SPX group were found in limpet in low concentrations 
(up to 1.35 μg kg-1 of SPX D). 
High estimated concentrations of diverse fatty esters metabolites of OA/DTX-2 were 
tentatively detected in stomach content of mackerel. In these fish, the 16:0 OA/DTX-
2 fatty ester exhibited the highest concentration found in this study, varying from 
658.11 to 711.05 μg kg-1 in the stomach content (Table 4.2).  
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Figure 4.2 Chromatograms of LMBT found in different organism. Furthermore, OA, YTX, PTX-2sa, 
16:2 OA/DTX-2 and 1 YTX chromatograms are from phytoplankton samples.  SPX E and 16:2 
OA/DTX chromatograms are from zooplankton and SPX D chromatograms is from a sample of limpet. 
The analysis was carried out by UHPLC-HR-Orbitrap-MS. The mass extraction window was set at 5 
ppm. 
3.4 Bioaccumulation assessment 
 
Bioaccumulation is the net accumulation of a contaminant in an organism from all 
sources, including water, food and fine particles suspended in the water column. As 
the consumption of a prey is the main route for the transfer of LMBT in the food 
chain, biomagnification factors of single trophic relationships were used to estimate 
trophic transfer of LMBT. In this analysis, we assume that LMBT in the water i.e. 
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extracellular toxin released from toxin producers are insignificant since 
dinoflagellates, the main toxin producers of LMBT, were not retrieved (table 4.1 
supplementary material). However, we are aware of the input of LMBT excreted from 
marine organisms into the environment and the possible uptake by some filter feeders 
such as bivalves and molluscs.  
Quantification of marine biotoxins in biota is often an analytical challenge because of 
the potential for biotransformation of parent compounds and the lack of certified 
standards of metabolites. As only six certified standard solutions were available at 
hand, the concentrations of tentative identified metabolites for each group of LMBT 
were estimated assuming an equal molar and peak response of structurally similar 
toxins (i.e. the parent compounds) on a molar basis (Torgerssen et al. 2008, John et al. 
2003, Costa et al. 2015). With respect to the dynamic range, good linearity (R
2
) and 
CVs at these lowest concentrations were obtained for the six target compounds, 
indicationg reliable quantification. Quantification of BMFs was performed only if 
both trophic levels were present at the same time and place during sampling. 
Furthermore, concentrations of LMBT were subjected to the quantification of BMFs 
only if they were presented in both prey and predator.   
3.4.1 Bioaccumulation in zooplankton 
 
Concentrations of OA/DTX-2 in zooplankton slightly exceeded those observed in 
their diet according to their BMFs ranged from 1.1 to 2.2 for OA group. Zooplankton 
also displayed accumulation/transformation of esters from OA groups (Table 4.2). 
Similar BMF was estimated for 16:2 OA/DTX-2. 
3.4.2 Bioaccumulation in crustaceans  
 
To the best of our knowledge, the present study is the first to analyze LMBT in brown 
shrimp (Crangon crangon). Shrimp BMFs ranged from 1.03 to 5.23 for OA. No other 
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toxins were found in these organisms. For this calculation, it was assumed that shrimp 
eat small zooplankton species such as calanoid copepods (Ansell 1999, Boddeke 
1996) and macrobenthic species (Oh et al. 2001). Also shore crab (hepatopancreas 
and reproductive organs) was analyzed for LMBT, but no toxins were found.  
2.4.3 Bioaccumulation in molluscs  
 
From the 11 OA/DTX-2 esters that were tentative identified in this study, only three 
were found in phytoplankton samples (Table 4.2). Therefore, BMFs of the OA group 
were determined only for the 16:2 OA/DTX-2 ester in mussels because this 
compound was detected in both shellfish and phytoplankton (i.e. its food). The 
remaining of OA esters was considered to be the result of biotransformation or 
metabolization processes in mussels. DTXs and PTXs groups were absent in mussels. 
However, the highest toxin concentration found in mussels in this study was for YTX. 
The BMFs for YTX in mussels ranged from 142 to 196 but no further YTX esters 
metabolites were found in shellfish. These high concentrations were found in one 
particular sampling station in Ostend and probably mussels were feeding on this 
specific YTX producer (station 5 in Figure 4.1). The highest BMF found in oysters 
was 82 for OA.  
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Table 4.2 Lipophilic marine biotoxins detected in the extract of different marine organism (n=470). The results were obtained by usage of the software program ToxID, 
whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds was performed 
using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
 
Toxin name tR (min) 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Mass 
deviation 
(ppm) 
Ion. 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio    
(%) 
Tropic level 
Mean 
concentration   
(μg kg-1 wet) 
OA/DTX-2 2.08 C44H68O13 803.45984 1.39 - 47.59 49.22 Phytoplankton   0.32
a
 
OA/DTX-2 2.01 C44H68O13 803.45947 0.93 - 47.59 48.15 Zooplankton 0.51
a
 
OA/DTX-2 2.05 C44H68O13 803.45966 1.16 - 47.59 49.02 Oyster 20.87
a
 
OA/DTX-2 2.10 C44H68O13 803.45972 1.24 - 47.59 48.82 Shrimp 1.56
a
 
OA/DTX-2 2.07 C44H68O13 803.45954 1.01 - 47.59 49.05 Fish (liver) 28.79
a
 
16:0 
OA/DTX-2 
3.74 C60H98O14 1041.68433 -1.00 - 64.89 59.67 Zooplankton 0.76
b
 
16:0 
OA/DTX-2 
3.68 C60H98O14 1041.68351 -1.79 - 64.89 62.78 Mussels 22.30
b
 
16:0 
OA/DTX-2 
3.71 C60H98O14 1041.68441 -0.90 - 64.89 58.26 
Fish 
(stomach) 
684.80
b
 
16:0 
OA/DTX-2 
3.78 C60H98O14 1041.68499 -0.30 - 64.89 63.45 
Fish 
(intestine) 
29.70
b
 
16:2 
OA/DTX-2 
2.48 C60H94O14 1037.65869 1.55 - 64.89 61.54 Phytoplankton 0.31
b
 
16:2 
OA/DTX-2 
2.53 C60H94O14 1037.65873 1.59 - 64.89 60.12 Mussels 23.30
b
 
16:2 2.48 C60H94O14 1037.65779 0.68 - 64.89 63.88 Fish 73.20
b
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OA/DTX-2 (Stomach) 
18:2 
OA/DTX-2 
3.72 C62H98O14 1065.68604 -2.10 - 67.06 61.46 Zooplankton 0.72
b
 
18:2 
OA/DTX-2 
3.72 C62H98O14 1065.68739 -0.90 - 67.06 62.25 Fish (liver) 34.66
b
 
18:2 
OA/DTX-2 
3.72 C62H98O14 1065.68676 -1.50 - 67.06 62.29 
Fish 
(stomach) 
41.96
b
 
18:4 
OA/DTX-2 
3.35 C62H94O14 1061.65613 -0.80 - 67.06 63.21 Zooplankton 5.47
b
 
18:4 
OA/DTX-2 
3.37 C62H94O14 1061.65712 0.03 - 67.06 66.25 Mussel 23.31
b
 
18:4 
OA/DTX-2 
3.32 C62H94O14 1061.65629 -0.7 - 67.06 64.78 Oyster 36.54
b
 
20:5 
OA/DTX-2 
3.45 C64H96O14 1087.67334 0.56 - 69.22 62.76 Zooplankton 5.61
b
 
20:5 
OA/DTX-2 
3.42 C64H96O14 1087.67312 0.35 - 69.22 64.98 Mussel 15.08
b
 
20:5 
OA/DTX-2 
3.44 C64H96O14 1087.67397 1.14 - 69.22 66.13 Oyster 19.21
b
 
20:5 
OA/DTX-2 
3.39 C64H96O14 1087.67284 0.10 - 69.22 62.87 Fish (liver) 27.60
b
 
20:5 
OA/DTX-2 
3.45 C64H96O14 1087.67302 0.26 - 69.22 65.13 
Fish 
(stomach) 
55.29
b
 
OA D6 2.75 C54H82O14 953.56287 0.32 - 58.4 53.08 Zooplankton 3.71
b
 
4 OA 3.05 C43H66O11 757.45557 3.08 - 46.51 43.65 Phytoplankton 0.18
b
 
4 OA 3.05 C43H66O11 757.45543 2.90 - 46.51 44.86 
Fish 
(stomach) 
9.22
b
 
7 OA 2.78 C53H82O14 941.56305 0.13 - 57.32 54.22 Zooplankton 0.21
b
 
7 OA 2.78 C53H82O14 941.56356 0.40 - 57.32 52.07 Fish (liver) 17.70
b
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9 OA 4.04 C53H82O15 957.55475 -3.40 - 57.32 53.12 Phytoplankton 1.91
b
 
9 OA 4.04 C53H82O15 957.55603 -2.15 - 57.32 55.12 Fish (liver) 14.18
b
 
OA D8 diol 
ester 
2.79 C52H80O14 927.54810 0.61 - 56.24 54.88 Zooplankton 0.22
b
 
OA D8 diol 
ester 
2.75 C52H80O14 927.54839 0.92 - 57.24 55.21 Mussel 9.51
b
 
OA D8 diol 
ester 
2.69 C52H80O14 927.54805 0.56 - 58.24 58.67 Fish (liver) 40.16
b
 
OA D8 diol 
ester 
2.77 C52H80O14 927.54774 0.22 - 59.24 57.53 
Fish 
(stomach) 
59.13
b
 
27-O-Acetyl 
DTX1 methyl 
ester 
3.88 C48H75O14 874.51001 1.84 - 51.92 50.21 Fish (liver) 15.55
b
 
27-O-Acetyl 
DTX1methyl 
ester 
3.88 C48H75O14 874.50813 1.84 - 51.92 49.78 
Fish 
(stomach) 
29.71
b
 
16:0 PTX-1sa 3.45 C63H102O16 1115.72498 0.79 + 68.74 64.18 
Fish 
(stomach) 
6.76
b
 
 YTX 2.02 C55H82O21S2 570.23289 1.17 - 17.37 16.45 Phytoplankton 0.87
a
 
 YTX 2.01 C55H82O21S2 570.23243 0.36 - 17.37 17.03 Mussels 169.22
a
 
1 YTX 2.37 C41H64O21S2 957.34802 2.71 + 44.34 43.89 Phytoplankton 0.01
b
 
9 YTX 2.56 C44H68O22S2 1013.37451 2.81 + 47.59 43.54 Phytoplankton 0.06
b
 
SPX D 3.35 C43H65NO7 708.48608 3.81 + 46.51 42.51 Mussel 0.97
b
 
SPX D 3.32 C43H65NO7 708.48688 4.91 + 46.51 42.51 Oyster 1.13
b
 
SPX D 3.32 C43H65NO7 708.48596 3.64 + 46.51 48.59  Limpet 0.73
b
 
SPX D 3.32 C43H65NO7 708.48651 4.41 + 46.51 45.59 
 Fish 
(stomach)  
3.22
b
 
SPX E 3.83 C42H63NO8 710.46362 1.37 + 45.43 54.06 Mussel 1.32
b
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SPX E 3.79 C42H63NO8 710.46350 1.21 + 45.43 43.74 Fish (liver) 2.07
b
 
SPX E 3.84 C42H63NO8 710.46027 -3.33 + 45.43 44.43 
Fish 
(stomach) 
1.05
b
 
SPX E 3.83 C42H63NO8 710.45996 -3.77 + 45.43 43.21 
Fish 
(intestine) 
1.48
b
 
SPX H 4.09 C40H59NO6 672.42413 0.99 + 43.26 41.12 Fish (liver) 1.55
b
 
SPX H 4.01 C40H59NO6 650.43878 -4.39 + 43.26 45.79 
Fish 
(stomach) 
1.05
b
 
SPX H 3.97 C40H59NO6 650.43866 -4.21 + 43.26 38.02 
Fish 
(intestine) 
7.91
b
 
SPX I 3.77 C40H61NO6 652.45618 -1.51 + 43.26 49.59 Oyster   0.91
b
 
  
      
  
     a Absolute quantification; b Semi-quantification 
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3.4.4 Bioaccumulation in fish 
 
In this study, LMBT estimated concentrations were especially high in the stomach 
and liver of the analyzed mackerel. The 16:0 OA/DTX-2 fatty acid acyl ester 
concentration was highest, i.e. 711.05 μg kg-1 in the stomach content (Table 4.2). 
However, the concentrations within these organs may not be compared directly to 
those found in a whole organism (phytoplankton, zooplankton, shellfish). Instead, 
they should be recalculated to estimate the whole-body concentration of the fish. The 
average BMF factor was 0.1 for OA in fish. 
4. Discussion 
 
This study provides new findings on the occurrence, screening and accumulation of 
fully and tentative identified LMBT in marine organisms in the southeast area of the 
North Sea. Despite that there were no toxin producers identified, significant estimated 
concentrations of lipophilic marine toxins were found in key edible organisms for the 
first time in the BPNS. OA and SPXs and their ester metabolites were the LMBT 
groups that were most abundantly accumulated and transferred between organisms. 
Both groups of toxins have been commonly reported in phytoplankton samples 
collected around the North Sea (Van der Fels-Klerx et al. 2012, Whyte et al. 2014, 
Rundeberget et al. 2011, Gerssen et al. 2011) and in farmed shellfish (Rundeberget et 
al. 2011, Gerssen et al. 2010, Klopper et al. 2012, Stobo et al. 2008). Gerssen et al. 
(2010) also reported OA in low concentrations in different shellfish collected in the 
Dutch coastal zone (cockles and clams), while Stobo et al. (2008) reported on the 
presence of OA, DTXs, PTXs, YTXs and AZAs in farmed shellfish (cockles, king 
scallops, queen scallops) in Scottish waters. However, studies about the occurrence 
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and distribution of LMBT in other marine organisms such as fish, shrimp and limpets 
are unknown for the North Sea.  
Reports of HABs such as dinoflagellates are scarce in the BPNS. Moreover, there are 
no reports or cases of poisoning events during the last decades. The lack of such 
reports can be attributed to limited shellfish production in this zone and the absence of 
monitoring programs of HABs and shellfish species. On the other hand, spring algal 
blooms of non-toxic species such as Noctiluca scintillans and Phaeocystis globosa 
(Van Ginderdeuren et al. 2014; Van Mol et al. 2007) are often observed and they have 
been considered harmful species due to the significant indirect effects they have on 
local ecosystems via its high biomass and oxygen depletion upon degradation 
(Peperzak, 2003). In this study, diatoms from the group of Chaetoceros spp. were 
observed in most of the stations sampled. However, no algal toxin producers were 
found in any station sampled. Nonetheless, Orellana et al. (2013) described a toxin 
producing strain of Dinophysis acuminata isolated from the sluice dock, Belgium. 
The toxin profile of this strain consisted of OA and PTX-2. These compounds were 
identified and confirmed by HRMS. In addition, Woloszynska and Conrad 
(Woloszynska 1939) described a mussel-poisoning episode in Belgian waters, related 
to the dinoflagellate Pyrodinium phoneus. Nowadays, P. phoneus is considered 
synonymous with A. ostenfeldii (Balech et al. 1995), but it is not entirely clear 
whether this dinoflagellate really represents A. ostenfeldii or not (Balech et al. 1995b, 
Hakanen et al. 2012). LMBT producers in the BPNS such as Dinophysis sp., 
Prorocentrum sp. and Alexandrium sp. probably grow in low concentrations (<10 
cells L
-1
), since blooms of these algae have not yet been reported in this part of the 
North Sea.  
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Numerous studies have focused on the bioaccumulation factors of toxins or chemicals 
such as persistent organic pollutants (Martin et al. 2004, Kelly et al. 2008, Lepom et 
al. 2012), cyanotoxins (Ferrao-Filho et al. 2011, Ibelings et al. 2004) and pesticides 
(Moraleda-Cibrian et al. 2015, Muir et al. 2003) in marine organisms. In this context, 
HABs are known as an entry point of toxins for benthic communities (Bricelj et al. 
2012, Landsberg et al. 2009, Reizopoulou et al. 2010). However, to the best of our 
knowledge non-BMF have been applied for LMBT in marine organism.  
In the present work low estimated concentrations of LMBT were tentative identified 
in phytoplankton samples. These results correlate with the poor abundance of 
dinoflagellates observed in phytoplankton samples and could explain the absence of 
toxin producers in the phytoplankton analyzed under the microscope. Also in the 
zooplankton groups sampled in this study low estimated concentrations of LMBT 
were observed. Zooplankton groups, like copepods, are significant grazers on harmful 
algal species and are therefore main entry points for the transfer of biotoxins to 
pelagic food webs (Calbet et al. 2004, Turner et al. 1997, Turner et al.  2014). In this 
study, copepods were the most abundant zooplankton group in all stations sampled. 
Similar findings on high copepod abundance have been reported from other studies in 
the BPNS (Van Ginderdeuren et al. 2014, Van Regenmortel et al. 2012) 
demonstrating that they are a key component in the pelagic ecosystem. With respect 
to toxins in zooplankton, the low estimated concentrations of LMBT detected in the 
zooplankton samples could be explained by the possibly limited availability of the 
prey (i.e. toxin producers) at the sampling stations. Another explanation could be that 
copepods might not be efficient in the digestion of the algae, as was demonstrated by 
Jansen et al. (Jansen et al. 2005). They reported the efficient feeding of copepods (C. 
helgolandicus) from the North Sea on a HAB of Dinophysis norvegica, however a 
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large amount of intact cells of D. norvegica was found in the fecal pellets of the 
copepods. Furthermore, worldwide research on the accumulation of LMBT in 
zooplankton species revealed that some copepods appear rather inefficient in retaining 
ingested HA toxins (Turner et al. 2014, Kozlowsky-Suzuki et al. 2006). 
Although estimated concentrations of LMBT were low in the phytoplankton and 
zooplankton samples in this study, fully and tentative identified LMBT concentrations 
were remarkably high in the shellfish filter feeders, such as mussels and oysters, 
sampled Shellfish filter feeders are the most important and most monitored indicators 
of LMBT around the world, since there are many edible species that are being 
extensively cultivated and since they are able to accumulate high concentrations of 
LMBT.  
Studies on bioaccumulation and transfer of LMBT between marine organisms in the 
North Sea on the other hand are limited. Recently, Silva et al. (2013) suggested, based 
on the comparative results between species, that mussels can be a vector for the 
accumulation and toxin transfer of OA and SPX between different benthic mollusks 
and echinoderm species. Indeed, the present work demonstrates a remarkable 
accumulation and transformation of two groups of toxins i.e. OA and its esters and 
SPXs in shellfish filter feeders (mussels and oysters) (Table 4.3). The toxins present 
and BMFs in mussels differed from that observed in oysters collected at the same 
time and place. Similar results have been reported by amongst others Torgersen et al. 
(Torgersen et al. 2008); Pitcher et al. (Pitcher et al. 2011); Kacem et al. (Kacem et al. 
2010), who suggested this difference is due to the differential rates of accumulation, 
gut assimilation and/or biotransformation of LMBT in mussels and oysters. The 
highest estimated concentrations of toxins and more particular 16:0 OA/DTX-2 esters 
in organs, such as stomach and liver, were found in mackerel. In this regard, fatty acid 
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esters tentative identifies in this work constitute the incentive for further research that 
relates to the further identification of the tentatively identified marine toxins and their 
toxicity. This toxin was reported as the major fatty acid ester in in shellfish such as 
mussels and clams in literature (Torgerssen et al. 2008, Vale & Sampayo, 2002). 
Moreover, accumulation of marine biotoxins from harmful algae related to paralytic 
shellfish poisoning in fish have been reported in sturgeon (Fire et al. 2012), sardine 
(Costa et al. 2010), mackerel (Lage en Costa, 2013, Castonguay et al. 1997) and white 
sea bream (Costa et al. 2012). However, there is little information about accumulation 
of LMBT in North Sea fish. Mackerel does not feed directly on algae, which means 
that toxin levels may not correlate well with toxigenic algae. In fact, Atlantic horse 
mackerel is known to prey on copepods and decapod larvae in coastal areas (Cabral & 
Murta, 2002). Since toxin producers were not found in this study and low 
concentrations of LMBT were quantified in plankton samples, and a large amount of 
prey was found in the stomach content, it may be suggested that mackerel must have 
ingested a high biomass of contaminated prey to accumulate these high levels of 
esters in the stomach and liver (Lopes et al. 2013, Costa et al. 2012, Castonguay et al. 
1997). Because these fish in the BPNS are migratory species and are therefore 
exposed to different environments, the uptake of LMBT may be linked to their 
migration route and the food they consumed elsewhere rather than to the location 
where the fish were sampled. 
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 Table 4.3 Lipophilic marine toxin groups found in different marine organisms, their estimated concentration (μg kg-1 wet), and lowest and highest biomagnification factors 
estimated. 
Toxin group Organisms 
Mean concentration 
(μg kg-1 wet) 
BMF 
Lowest  Highest  
OA Phytoplankton 0.8 - - 
OA Zooplankton 2.1 1.1 2.8 
OA Shrimp 1.5 1.0 5.2 
OA Oyster 25.5 47.2 82.5 
OA Mussels 25.4 70.3 84.9 
OA Whole body Fish 0.6 0 0.7 
YTXs Phytoplankton 0.3 - - 
YTXs Mussels 169.2 164.2 225.5 
     
In the last decade crustaceans have been reported as new LMBT vectors (Costa et al., 
2013; Turner, 2004). In Portugal, for example, Vale and Sampayo et al. (Vale & 
Sampayo, 2002) reported OA and domoic acid toxins in shore crab (Carcinus 
maenas). In Norway, Torgersen et al. (Torgerssen et al. 2005; 2005) reported AZAs 
and OA esters such as 14:0, 16:1, 16:0 and 18:1 in edible crab (Cancer pagurus). 
Accumulation of LMBT in crab was also recently reported by Andjelkovic et al. 
(Andjelkovic 2015), after feeding crab with mussels containing high concentrations of 
OA and azaspiracids (AZAs). However, Andjelkovic et al. (2015) reported a 
remarkable elimination of the toxins, confirming that crab may release toxins faster 
than other marine organisms. In this study, shore crab was the only organism that did 
not show accumulation of toxins in the different organs dissected. This corroborates 
the observations of Chen & Xie, (2005) who suggested that large crustaceans like 
Macrobrachium nipponenese are inefficient accumulators of toxic products such as 
microcystins. On the other hand, this study reported LMBT in shrimp for the first 
time in the BPNS. Although the levels of OA detected in shrimp were low, 
nonetheless these findings urge for further investigation considering the importance of 
the shrimp for local economy and consumption. 
5. Conclusions  
Through an untargeted screening approach, this study showed that various (edible) 
species occurring in the BPNS are exposed to a multi-toxin mixture. While both the 
single compound and the mixture toxic effects of these esters are not known, it is 
remarkable that they are found across all trophic levels. Not only is it imperative to 
further evaluate the possibly interactive, toxic, accumulative and secondary poisoning 
effects of these mixtures of natural toxic compounds on the health of these marine 
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organisms, it is also vital to evaluate the potential risk of these seafood products to 
human health. While the total amount of toxins in the entire body of an organism, 
such as fish, can be underestimated, BMFs can be valuable for the evaluation of the 
potential risk of this seafood for human consumption. Furthermore, marine organisms 
can also act as bioindicators of LMBT and its status in the ecosystem. Monitoring 
different marine organisms during the early stages of a toxic algal bloom can provide 
information on toxin profiles necessary to prevent future intoxication or economic 
loss in marine activities such as aquaculture or tourism. The next challenge will, 
however, involve the prediction of the trophic transfer and effects of LMBT groups in 
seafood. Furthermore, a new challenge for the BPNS will be to develop a monitoring 
program for marine biotoxins, including the non-regulated SPX group in 
phytoplankton and edible marine organisms. This challenge will help to protect public 
health, fisheries and future aquaculture activities. As a future perspective, a 
confirmatory identification of potential toxins by studying their fragmentation spectra 
(using available new tools in our lab such as hybrid quadrupole Q-Exactive
TM
 
Orbitrap-MS) is envisaged. 
 
Supplementary material 
Table 4.1. Supplementary material: “Limits of detection (LOD) and limits of 
quantification (LOQ) for the six groups of toxins in mussel tissue and algae. 
 
  
Shellfish  
(μg kg-1) 
Algae  
(ng mL
-1
) 
Toxin LOD LOQ LOD LOQ 
Okadaic acid 0.28 0.93 0.04 0.14 
Azaspiracid-1 0.30 1.01 0.01 0.06 
Pectenotoxin-2 0.36 1.22 0.13 0.44 
Yessotoxin 0.09 0.49 0.05 0.16 
Dinophysistoxin-1 0.07 0.23 0.03 0.12 
13-didesmethyl 0.15 0.51 0.004 0.01 
 143 
Spirolide (SPX-1) 
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Abstract 
Diarrheic Shellfish Poisoning (DSP) is the most common type of seafood poisoning 
worldwide. Cosmopolitan toxin producers such as Dinophysis sp., Prorocentrum sp., 
Alexandrium sp. and Protoceratium sp. are responsible for DSP and the production of 
numerous lipophilic parent biotoxins and esters metabolites. Seafood like shellfish 
(and most importantly mussels) can quickly accumulate and transform lipophilic 
marine biotoxins (LMBT) and are the most common vectors of an unknown number 
of LMBT to humans. Therefore, this study aimed to investigate the uptake, 
distribution, metabolization and excretion of LMBT by mussels. Mytilus edulis were 
exposed for 2 weeks to two groups of LMBT either in a single or mixed exposure of 
the okadaic acid and the spirolide groups under laboratory conditions. Additionally, a 
field experiment was performed during which mussels were hung in Ostend harbour 
for 2 weeks exposed to naturally occurring toxins. Toxin screening were recorded 
during the laboratory and field studies using high-resolution mass spectrometry. In 
general, a progressive accumulation was revealed for OA group in the laboratory 
experiments and SPXs group during both experiments. Accordingly, accumulation of 
these two groups of toxins (i.e. OA and SPXs) was observed in mussels exposed for 
less than 10 days in the natural environment of the BPNS. Although low 
concentrations of spirolides metabolites were found in all stations in the field 
experiment, the occurrence of SPXs in shellfish tissue in the BPNS poses a high 
threat, because A. ostenfeldii has been reported as a paralytic toxin producer in 
neighboring water. This work demonstrates the potential risk that seafood exposed to 
mixtures of LMBT poses for human health and urges further research into the 
toxicological effects of these mixtures. 
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1. Introduction 
 
Global harmful algal blooms are characterized by a number of key species including 
Dinophysis spp., Alexandrium spp., and Prorocentrum spp., (Hallegraeff, 2010). 
Eventually, these species can exponentially grow under certain circumstances in 
dense concentrations, i.e. a bloom. Harmful algal blooms (HABs) have been linked to 
poisoning events, increasing impacts of diseases and parasites on marine and 
terrestrial organisms upon accumulation and leading to enormous economic losses in 
aquaculture and tourism (Shumay, 1990, Hallegraeff, 2010, Silva et al. 2015). Algal 
toxins like lipophilic marine biotoxins (LMBT) comprise several groups including 
azaspiracids (AZAs), yessotoxins (YTXs), spirolides (SPXs), okadaic acid (OA) and 
dinophysistoxins (DTXs).  
Alexandrium ostenfeldii (conspecific of Alexandrium peruvianum) has been reported 
as the major producer of SPXs (Kremp et al. 2014, Garcia-Altares et al. 2014, 
Cembella 2000, Touzet et al. 2008). The distribution and frequency in occurrence of 
SPXs has increase throughout the world in recent years (Salgado et al. 2015). 
However, no regulatory limits for the presence of SPXs have been established in 
seafood. Depending on the geographic origin, A. ostenfeldii can produce SPXs and 
gymnodimines (GYMs) (Garcia-Altares et al. 2014, Kremp et al. 2009; 2014). To 
date, more than 16 SPX esters have been described in shellfish (Garcia-Altares et al. 
2014, Rundberget et al. 2011), phytoplankton (Almadoz et al. 2014), A. ostenfeldii 
cultures (Medhioub et al. 2011, Otero et al. 2009) and other marine organisms 
(Garcia-Altares et al. 2014, Salgado et al. 2015, Orellana et al. 2016, Silva et al. 2013)  
OA is produced by several species such as Prorocentrum spp. and Dinophysis spp. 
Among these, Prorocentrum lima is a benthic, epiphytic dinoflagellate usually found 
attached to macrophytes, floating detritus, debris and less commonly found in 
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plankton (Bravo et al. 2001). OA is the main representative diarrheic shellfish 
poisoning (DSP) toxin and a potent phosphate inhibitor, causing inflammation of the 
intestinal tract and diarrhea in humans (Trainer et al. 2013). OA and its ester 
metabolites have been reported in algae and in many marine organisms. Up to now, 
more than 50 OA related toxins have been described in shellfish (Gerssen et al. 2011), 
phytoplankton (Diaz et al. 2013, Vale et al. 2006). P. lima cultures (Vale et al. 2009, 
Nascimento et al. 2005, De Rijcke et al. 2015), Dinophysis sp. cultures (M. K. Park 
2006) and other marine organisms (Vale & Sampayo 2002, Orellana et al. 2016)  
Extensive monitoring programs of LMBT in edible shellfish, phytoplankton and other 
biota applying powerful analytical tools like liquid chromatography coupled to mass 
spectrometry (LC-MS) have been consolidated around the world (Portugal, Ireland, 
UK, Denmark, France, the Netherlands, etc). Furthermore, since 2011 LC-MS/MS 
has become the reference method for the detection of LMBT in bivalve molluscs in 
Europe (EURLMB 2011). A further step forward in the detection and quantification 
of new LMBT and their esters metabolites comprises the use of full-scan high-
resolution mass spectrometry (HRMS). Indeed, HRMS has been successfully applied 
for the analysis to LMBT shellfish flesh and algae (Gerssen et al. 2011, Domenech et 
al. 2014, Garcia-Altares et al. 2014, Orellana et al. 2014; 2015). In this context, 
HRMS is also a useful instrument to explore the uptake and absorption, uptake, 
distribution, metabolization and excretion (ADME) of marine toxins and its esters 
metabolites in seafood upon HAB exposure.  
In recent years, occurrence and effects of LMBT in edible shellfish have been studied 
extensively (Silva et al. 2015, Ciminiello et al. 2014). However, ADME processes in 
key edible species have been hardly studied for many lipophilic marine toxins. Most 
evidence of ADME of marine toxins after HAB exposure in shellfish originates from 
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laboratory experiments, but the total amounts of esters metabolites absorbed and 
metabolized upon exposure are unclear in most cases. However, Blanco et al. (2007) 
reported valuable information about anatomical distribution of DSP toxins in mussels 
(Mytilus galloprovincialis) after a natural exposure to Dinophysis blooms. This report 
suggests that the non-visceral tissues analyzed contributed with the maximum toxin 
burden below 7%. OA and DTX-2 were found as well in the experiments. In addition, 
during the depuration experiment the OA concentration decreased from 1787 to 25.4 
ng
-1
 of digestive gland at the end of the experiment (day 35). More recently, 
Medhioub et al. (2012) reported the exposure of oyster (Crassosstrea gigas) to the 
toxic dinoflagellate A. ostenfeldii under laboratory conditions. After 4 days of 
exposure, A. ostenfeldii cells were not fully digested by oysters (Medhioub et al. 
2012).  
To the best of our knowledge, this is the first time that mussels (M. edulis) are 
exposed to A. ostenfeldii under laboratory conditions. Moreover, the present study 
investigated two groups of toxins, i.e. OA and SPXs in different tissues of M. edulis 
after single and mixed exposure to harmful algae (P. lima and A. ostenfeldii) for two 
weeks. In addition, a field experiment was carried out during which the exposures of 
mussels to natural toxins levels in the Ostend harbour were monitored for two weeks. 
In addition, uptake, distribution, metabolization and excretion of LMBT was studied 
during both experiments.   
2. Material and methods  
2.1 Chemicals and standards  
 
Certified calibration solutions for OA (CRM-OA-c 14.3 ± 1.5 µg mL
-1
), DTX-1 
(CRM-DTX-1 15.1 ± 1.1 µg mL
-1
), PTX-2 (CRM-PTX-2 8.6 ± 0.3 µg mL
-1
), AZA-1 
(CRM-AZA-1 1.24 ± 0.07 µg mL
-1
), SPX-1 (CRM-SPX-1 7.0 ± 0.4 µg mL
-1
), and 
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YTX (CRM-YTX 5.6 ± 0.3 µg mL
-1
) were obtained from the National Research 
Council, Institute for Marine Bioscience (Halifax, Canada). Analytical grade solvents 
were used for extraction purposes while LC-MS grade was reserved for UHPLC-MS 
applications. They were obtained from VWR International (Merck, Darmstadt, 
Germany). Ultrapure water was obtained using a purified-water system (VWR 
International, Merck, Darmstadt, Germany). Millex-GV syringe filters (PVDF 0.22 
µm) were obtained from Millipore (Darmstadt, Germany) and glass beads of 0.5 mm 
were purchased from Thistle Scientific Ltd. (Glasgow, UK). 
2.2 Algal cultures   
                                                                                               
The Prorocentrum micans (CCAP 1136/20), Prorocentrum lima (CCAP 1136/9) and 
Alexandrium ostenfeldii (CCAP 1119/45) strains used for this study were obtained 
from the Culture Collection of Algae and Protozoa, Scottish Marine Institute (CCAP). 
Strains of Tretaselmis suecica and Isochrysis galbana (clone T-Iso) were obtained 
from the Laboratory of Aquaculture and Artemia Reference center, Ghent University. 
Prorocentrum sp. and A. ostenfeldii were grown in 0.5-L Erlenmeyer flasks and the T. 
suecica and I. galbana in bags of 5 liter with L-1 medium (Guillard et al. 1946) based 
on autoclaved natural seawater from the Belgian Part of the North Sea (BPNS) at a 
salinity of 30 ± 2 psu and pH of 8.0 ± 0.5. Algae were grown at 20±1.0 °C in a 
temperature controlled room, at an irradiance of 100 μmol photons m−2 s−1, controlled 
by a timer to obtain a light:dark cycle of 12:12 h. Cultures were harvested semi-
continuously to maintain consistency in culture quality over the course of the study 
and were harvested in late-log or early-stationary phase for feeding M. edulis and for 
performing toxin analysis. The number of cells was determined using a Sedgewick-
Rafter counting cell.                                                     
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2.3 Mussel culture and depuration  
 
Mussels (M. edulis) were collected from the BPNS and transported on ice, hand 
cleaned and placed in a recirculating, filtered aquarium (15°C, 31 psu) in the 
laboratory for two months before carrying out the experiments. The purpose of this 
step was depurating the shellfish from any toxins that may have accumulated during 
its lifetime in the sea.  Shellfish were fed daily ad libitum with a commercial algal 
paste (Shellfish Diet 1800
®
, Varicon Aqua Solution, UK) and the salt water (Instant 
Ocean
TM
, Belcopet, Belgium) was replaced on a weekly basis. The animals were 
carefully picked up every week to check the toxin depuration.  
2.4 Experimental design 
2.4.1 Exposure under laboratory conditions  
 
280 mussels previously depurated were distributed randomly into nine 30-L glass 
aquaria, i.e. around 30 animals per aquarium. Triplicates of each of three treatments 
(i.e. both single and mixture feed) were carried out in this experiment. Mussels were 
fed with two toxin producers: P. lima or A. ostenfeldii or both simultaneously during 
15 days. To ensure a realistic scenario, two non-toxin producers (T. suecica and I. 
galbana) were added at same concentration as the toxin producers to the aquaria 
constantly along the experiment.  
A concentration of 2 x 10
2
 algal cells mL
-1
 was added to the mussels by a regimen of 
8 automated-feedings per day, using a peristaltic pump ISMATEC
 
BVP (Ismatec SA, 
Switzerland). Same concentrations were established for three different treatments (i.e. 
both single and mixture feed) Additionally, two control treatment aquaria were added 
to the experiment where mussels were only fed with T. suecica and I. galbana.  
Samples of mussels were collected on day 3, 5, 10 and 15 of exposure to the 
experimental microalgal treatments. At each sampling time, 7 or 8 mussels were 
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removed from the aquaria for toxin analysis. Additionally, faeces and pseudofaeces 
(mix) and water samples were collected at harvest days. 
2.4.2 Field study: exposure under environmental conditions. 
 
A field study was conducted in July 2015, in the Ostend harbour and the adjacent 
sluice dock, Belgium (Figure 5.1) 160 mussels previously depurated were placed 
randomly into 8 cages i.e. 20 mussels per cage at the different stations in the sluice 
dock. Consequently, five mussels were collected on day 3, 5, 10 and 15 in each cage 
for toxin analysis.  
 
Figure 5.1 Map of the BPNS and Spuikom, place of sampling (ST1-ST4). (Source: VLIZ,  Flanders 
Marine Institute). 
 
2.5 Toxin analysis  
2.5.1 Sample pre-treatment 
 
The concentrated algae culture samples were filtered according to Orellana et al. 
(2015). Samples were thereby divided into PVC tubes, which have a net with a mesh 
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size of 10 µm at the bottom. The pellet retained in the mesh was washed with 
ultrapure water to remove salt from the sample. The filter was then placed into a 
centrifuge tube and backwashed with 3 mL of methanol. The same procedure was 
applied for faeces, although the mesh size was adapted to 80 µm to retain the pellet 
and remove small salts. Shellfish samples were pre-treated according to Orellana et al. 
(2015) and EURLMB (2015), however, some modifications to the extraction were 
made. In summary, shellfish were prepared by rinsing the outside and inside with 
ultrapure water to remove any foreign material. The tissues were drained in a sieve to 
remove excess salt water. For each mussel, organs were then carefully removed from 
the shell and weighed. The organs used for toxin analysis were divided as visceral and 
non-visceral. 
2.5.2 Extraction of toxins from water 
 
A solid phase extraction (SPE) was carried out to determine extracellular toxins 
released from the algae i.e. in the media during the culture of P. lima and A. 
ostenfeldii (De Rijcke et al. 2016). Additionally, samples of water were collected 
alongside the experiment to determine concentrations of toxins eliminated from 
mussels during the exposure experiment. SPE was performed by using Strata-X (100 
mg per 3 mL) polymeric reversed phase cartridges (Phenomenex, Utrecht, the 
Netherlands). The cartridges were conditioned with 3 mL of 70% acetonitrile (ACN) 
and 3 mL ultrapure water before passing 2 mL of water samples over the column. 
Salts were then removed with 8 mL of ultrapure water and finally the absorbed toxins 
were eluted with 2 mL of 70% ACN. The total extracted volumes were dried under a 
gentle stream of nitrogen. The residue (1mL) was directly transferred into a vial for 
toxin analysis.  
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2.5.3 Extraction of toxins from algae 
 
Each algal culture sample was subjected to a solid-liquid extraction according to 
Orellana et al. (2015) by adding 3 mL of methanol and vortexing for 1 min. At this 
point, 1 g of glass beads was added to the centrifuge tube, after which the tube was 
shaken for 10 min and subsequently sonicated for 15 min. The methanolic extract was 
centrifuged for 8 min at 1200×g. The supernatant was then transferred to a 15-mL 
centrifuge tube. This extraction procedure was repeated twice, each time starting from 
the residual tissue pellet. The supernatant of the second and third extraction step were 
pooled with the first extract in the same 15-mL centrifuge tube. The total extract was 
dried under a gentle stream of nitrogen at a temperature of 40°C. The residue (1 mL) 
was directly transferred into a vial and stored at −20°C prior to analysis. 
2.5.4 Extraction of toxins from mussels 
 
The toxin extraction from shellfish was modified from EURLMB (2015) and Orellana 
et al. (2014). In short, 1 g of tissue sample, i.e. visceral or non-visceral were extracted 
in methanol in triplicate and accurately weighed in a centrifuge tube. Tissue was 
extracted with 3 mL of methanol by vortexing for 3 min and subsequently centrifuged 
for 10 min at 12,000×g. The supernatant was then transferred to a 15-mL centrifuge 
tube. These extraction steps were repeated two more times, thereby each time starting 
from the residual tissue pellet. The supernatant of the second and third extraction 
phase were pooled with the first extract into the 15-mL centrifuge tube and then made 
up to 9 mL with methanol. The total extracted volume was dried under a gentle 
stream of nitrogen at a temperature of 40°C. The residue (1 mL) was directly 
transferred into a vial and stored at -20°C prior to analysis. To extract the toxins from 
faeces of mussels, a homogenization step (2 min in the ultra turrax™) was added at 
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the start of the phytoplankton protocol. The same method was applied to extract the 
toxins from faeces.  
2.5.5 UHPLC-HRMS analysis 
 
UHPLC analysis was carried out using a Thermo Fisher Scientific Accela UHPLC 
pumping system (San Jose, CA, USA) coupled to an Accela autosampler and degasser 
according to Orellana et al. (2014, 2015). HRMS analysis was performed as described 
in Orellana et al. (2014, 2015). 
2.6 Quality assurance 
 
Prior to the sample analysis, a standard mixture containing the parent toxins (i.e. OA, 
DTX-1, SPX-1, PTX-2, AZA-1, YTX and PTX-2) was injected to check the 
operational conditions of the UHPLC-HRMS instrument. Identification of these 
known marine biotoxins was based on the accurate mass and specific retention time, 
as determined by the respective certified standard solution. Additionally, confirmatory 
identification of the compounds was performed based on the 
13
C/
12
C isotopic ion 
ratio, according to the criteria described in CD 2002/657/EC. Marine biotoxins, for 
which no analytical standard was at hand, were (semi)quantified using HRMS 
response ratio. This is a justifiable strategy as excellent selectivity was observed for 
the parent toxins, the newly detected metabolites were well separated from other 
matrix compounds, and there was a strong resemblance of these metabolites with the 
parent ions in terms of chemical structure, pointing towards rather similar ionisation 
behaviour (Torgerssen 2008). 
3. Results  
3.1 Toxin profile of the algae cultures 
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Samples of P. lima and A. ostenfeldii cultures were analyzed in the late-log or early-
stationary phase (n=40). Toxin analysis revealed the production of five toxins in P. 
lima and four in A. ostenfeldii based on matching according to the toxin library (Table 
5.1). Mean concentration of OA/DTX-2 (calculated concentration was based on OA) 
was 9.5 ± 1.5 pg cell
-1
 and 7.1 ± 2.3 pg cell
-1
 for DTX-1 in P. lima. In A. ostenfeldii, 
the predominant compounds were the tentative compounds SPX-D and 27-hydroxy 
13,19, didesmethyl SPX C. 
 
Table 5.1. Toxins esters potencially found in P. lima and A. ostenfeldii cultures during the late-log or 
early-stationary phase. OA = Okadaic acid, DTX-1 = Dinophysistoxin 1, DTX-2=. Dinophysistoxin 2 
Tentative 
identity 
Elemental 
composition 
Measured 
accurate 
mass (m/z) 
Toxin producer 
Mean estimated 
concentration (pg 
cell
-1
) ± SD 
OA C44H68O13 803.46088 
Prorocentrum 
lima 
9.5 ± 5.0 
DTX-1 C45H70O13 817.47650 
Prorocentrum 
lima 
7.1 ± 3.3 
16:2 OA/DTX-2 C60H94O14 1037.65918 
Prorocentrum 
lima 
7.8± 3.7 
SPX D C43H65NO7 708.48364 
Alexandrium 
ostenfeldii 
3.1 ± 1.7 
27-hydroxy 
13,19, 
didesmethyl 
SPX C 
C41H59NO8 694.43170 
Alexandrium 
ostenfeldii 
4.6 ± 2.8 
20-methyl SPX 
G 
C43H63NO7 704.45490 
Alexandrium 
ostenfeldii 
3.0 ± 1.6 
 
3.2 Extracellular toxin screen released from algae cultures  
 
The toxin profiles in the media were characterized by OA and DTX-1 for the P. lima 
culture (Table 5.2). Mean concentrations (n=10) of parent compounds were 1.35 ± 1.6 
ng mL
-1
 for OA and 1.54 ± 0.9 ng mL
-1
 for DTX-1. The toxin profile in the A. 
ostenfeldii medium comprised 2 compounds, i.e. SPX D and 27-hydroxy-13-19, 
desmethyl SPX C.  
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Table 5.2. Toxin profile in media from cultures of P. lima and A. ostenfeldii (n=10).  
 
Tentative identity 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Mean estimated 
concentration 
(ng/mL
-1
) ± SD 
OA* C44H68O13 803.46076 1.4 ± 1.1 
DTX-1* C45H70O13 817.47649 1.5 ± 0.9 
Spirolide D** C43H65NO7 708.48296 0.18 ± 0.5 
27-hydroxy-13-
19, desmethyl 
SPX C** 
C41H59NO8 694.44030 0.10 ± 0.2 
* Compounds found in P. lima media, **Compounds found in A. ostenfeldii media 
 
3.3 Toxin profile in mussels following algal exposure 
 
Mussels used in the experiments had an average length of 4.0 ± 0.5 cm and their 
whole body wet weight (mean) was 2.5 ± 0.5 g per individual. Prior to exposure, 
some mussels (n=20) were analyzed to ensure absence of toxins. The analysis 
revealed no toxins above the LODs (Chapter IV, supplementary material). During the 
entire experiment, one mussel was reported dead. Mussels rapidly filtered the 
microalgae cells and after approximately one hour they were producing faeces. The 
strong aeration of each aquarium resulted in mixing of the faeces and pseudofaeces. 
3.3.1 Single exposure of mussels to P. lima 
 
After 5 days of exposure, mussels (n=7) were biotransforming toxins from the diet 
into fatty acid esters (Table 5.3). The toxin profile showed different fatty acid esters 
(acyl-derivates) in the visceral samples, however no toxins were detected in non-
visceral samples at this point of sampling. Analysis showed an increase in 
concentrations and number of toxins by day 5 (Table 5.3). OA/DTX-2 and DTX-1 
were slightly increasing.  
By day 10, there was an increase in number of toxins detected in visceral samples 
(Table 5.1 supplementary material). However, the estimated concentrations tended to 
vary for each compound detected and the mussels analyzed (Table 5.3). The highest 
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concentration found was 21.33 μg kg-1 of DTX-1 in a visceral sample. At sampling 
day 15, similar numbers of toxins were detected than in the previous sampling day 
and concentrations were slightly decreasing (Table 5.1. supplementary material). 
 
Table 5.3. Principal toxins and esters, potencially found in mussels (n=7) after exposure to P. lima. 
Sampling 
day 
Tentative 
name 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Concentration (μg 
kg
-1
) 
3 
OA/DTX-2 C44H68O13 803.46234 5.6 ± 3.2 
DTX-1 C45H70O13 817.47717 8.6 ± 6.9 
5 
OA/DTX-2 C44H68O13 803.46198 9.1 ± 8.6 
DTX-1 C45H70O13 817.47687 11.9 ± 7.7 
16:2 
OA/DTX-2 
C60H94O14 1037.65874 5.6 ± 3.2 
10 
OA/DTX-2 C44H68O13 803.46275 12.1 ± 10.1 
DTX-1 C45H70O13 817.47544 15.1 ± 9.13 
16:2 
OADTX-2 
C60H94O14 1037.6577 7.2 ± 3.6 
15 
OA/DTX-2 C44H68O13 803.46136 9.8 ± 4.2 
DTX-1 C45H70O13 817.47601 3.6 ± 2.2 
16:2 
OA/DTX-2 
C60H94O14 1037.65688 8.8 ± 4.4 
 
 
3.3.2 Single exposure of mussels to A. ostenfeldii 
 
During the first two sampling days, analysis revealed five compounds in the visceral 
samples (n=7) only. Concentrations ranged between 0.3 and 2.6 μg kg-1 for all toxins 
detected (Table 5.2, supplementary material). In the next two sampling days, mussels 
showed a slight increase in the number of compounds detected and concentrations in 
visceral and non-visceral samples. A total of 4 potential toxins were detected by day 
15 and the highest concentration found was 5.23 μg kg-1 of 27-hydroxy-13-desmethyl 
SPX C in a visceral sample (Table 5.4).   
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Table 5.4. Main toxins and esters, potentially found in mussels (n=7) of the spirolide group after 
feeding with A. ostenfeldii.  
Sampling 
day 
Tentative name 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Concentration 
(μg kg-1) 
3 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 708.44513 0.7 ± 0.3 
5 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 708.44761 2.3 ± 0.3 
10 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 708.44513 1.8 ± 0.8 
20-methyl SPX G C43H63NO7 706.46986 2.3 ± 0.9 
15 
Spirolide D C43H65NO7 708.48422 3.8 ± 1.4 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 725.46515 4.8 ± 1.3 
20-methyl SPX G C43H63NO7 706.46811 4.3 ± 1.6 
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3.3.3 Mixed exposure of mussels to P. lima and A. ostenfeldii  
 
 After 3 days of exposure, mussels (n=7) were transforming toxins from the diet into 
esters (Table 5.3. supplementary material). The most prominent toxins found were 
DTX-1, and OA/DTX-2 with average concentrations of 8.0 and 6.0 μg kg-1 
respectively in visceral samples. From the SPX group, one toxins was detected (Table 
5.5). By day 5 of sampling, a small increase in the number of compounds was  
Table 5.5. Main toxins and esters, potentially found in mussels after mixed exposure to P. lima and A. 
ostenfeldii. 
 
Sampling 
day 
Tentative name 
Elemental 
composition 
Measured accurate 
mass (m/z) 
Concentration 
(μg/kg-1) 
3 
OA/DTX-2 C44H68O13 803.46111 5.9 ± 4.5 
DTX-1 C45H70O13 817.47651 8.0 ± 9.1 
Spirolide D C43H65NO7 708.48330 1.03 ± 0.4 
5 
OA/DTX-2 C44H68O13 803.46201 3.9 ± 4.2 
DTX-1 C45H70O13 817.47643 6.3 ± 7.2 
Spirolide D C43H65NO7 708.48603 1.15 ± 0.5 
Spirolide E C42H63NO8 710.45953 1.47 ± 0.7 
 
OA/DTX_2 C44H68O13 803.46088 5.6 ± 2.5 
10 
DTX-1 C45H70O13 817.47509 10.0 ± 5.8 
Spirolide D C43H65NO7 708.48573 4.0 ± 1.9 
27-hydroxy-13-desmethyl 
SPX C 
C42H61NO8 708.44513 0.3 ± 0.1 
15 
OA/DTX-2 C44H68O13 803.45921 7.6 ± 3.3 
DTX-1 C45H70O13 817.47662 15.6 ± 7.1 
13 OA C54H82O14 953.56246 1.2 ± 0.5 
Spirolide D C43H65NO7 708.48614 6.43 ± 3.2 
Spirolide E C42H63NO8 710.46107 2.60 ± 1.4 
27-hydroxy-13-desmethyl 
SPX C 
C42H61NO8 708.44634 5.2 ± 0.1 
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observed in the mussels (n=7) as compared to the previous sampling (day 3), but there 
was a slight decrease in concentration for most of the toxins found in visceral and 
non-visceral samples.  
Day 10 of sampling revealed an increase in number of toxins detected in visceral 
samples. Therefore, the estimated concentrations slightly increased for most of the 
toxins analyzed. The highest concentrations found were 15.7 μg kg-1 for DTX-1 in 
visceral samples, respectively (Table 5.3. Supplementary material). At day 15 of 
sampling, the number of toxins detected in both tissues sampled (Table 5.5) was the 
same. At this point, concentrations were slighly higher during in the previous 
sampling. The highest concentration found for this sampling day was 22.09 μg kg-1 of 
DTX-1 in a visceral sample.    
 
3.3.4 Exposure of mussels to the natural conditions of Ostend harbour  
 
During the first sampling day no toxins were detected at any stations sampled.  By 
day 5, one toxin was detected in visceral samples of M. edulis but concentrations 
found were lower than 1 μg kg-1 (Table 5.6). By day 10 an increase in number of 
toxins was observed, mainly for the SPX group. By sampling day 15, the number of 
toxins detected in visceral samples at station was similar to previous sampling. Only 
DTX-1 was detected from OA group. However, only a few toxins showed an increase 
in concentrations for all stations sampled (Table 5.6). A poor accumulation of both 
groups of toxins was registered in visceral and non-visceral samples during the entire 
experiment. 
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Table 5.6. Main toxins and esters, potentially found in M. edulis under the natural conditions 
prevailing at Ostend harbour, Belgium 
Sampling day Tentative name 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Concentration  
(μg kg-1) 
Station 
3           
5 Spirolide D C43H65NO7 708.48330 1.03 ± 0.4 1 
10 
DTX-1 C45H70O13 817.47544 1.8 ± 0.8 1 
Spirolide D C43H65NO7 708.48581 2.06 ± 1.1 3 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 708.44893 1.5 ± 0.5 4 
15 
DTX-1 C45H70O13 817.47782 2.6 ± 1.0 1 
Spirolide D C43H65NO7 708.48601 2.06 ± 0.4 3 
27-hydroxy-13-
desmethyl SPX C 
C42H61NO8 708.44893 2.2 ± 0.8 4 
  
 
3.4 Analysis of toxins in faeces and pseudofaeces 
 
Analysis of faeces and pseudofaeces showed an similar number of compounds over 
time (Tables 5.5, 5.6, 5.7, supplementary material), however concentrations, below 7 
ng g
-1
 were increasing overtime for some toxins (Figure 5.3). 
 
 
Figure 5.3. OA and 16:2 OA/DTX-2 ester potentially found in faeces of mussels after single and mixed 
exposure. At the left, OA concentrations found in feces during mixed exposure (red) and single 
exposure (blue). At the right, 16:OA/DTX-2 found in feces after single exposure (blue) and mixed 
exposure (red).  
 170 
 
OA and DTX-1 were the common toxins found in almost all samples (92%) with the 
highest concentration reaching 9.4 ng g
-1
 (Table 5.5, 5.6, 5.7, supplementary 
material).   
3.5 Analysis of toxins from M. edulis in seawater under laboratory conditions 
 
M. edulis were releasing several compounds during the experiment (Table 5.7). From 
sampling day 3, low concentrations of toxins were detected. The analysis revealed an 
slightly increase concentrations of compounds over time (Table 5.7). The most 
common compound was OA and DTX-1 and the highest concentration detected was 
5.41 ng mL
-1 
for DTX-1 (Table 5.8, 5.9, 6.0, supplementary material). 
Table 5.7. Main toxins released in seawater by M. edulis under laboratory conditions.     
Sampling 
day 
Tentative 
name 
Elemental 
composition 
Measured 
accurate mass 
(m/z) 
Concentration 
(μg/mL-1) 
Experiment* 
3 
OA/DTX-2 C44H68O13 803.46013 1.6 ± 0.8 Single 
OA/DTX_2 C44H68O13 803.406006 0.7 ± 0.3 Mix 
 
DTX-1 C45H70O13 817.47721 1.1 ± 0.4 Mix 
 
SPX D C43H65NO7 708.48108 1.1 ± 0.5 Mix 
5 
OA/DTX-2 C44H68O13 803.45745 1.8 ± 0.8 Single 
OA/DT2-2 C44H68O13 803.45993 1.2 ± 0.3 Mix 
16:2 
OA/DTX-2 
C60H68O14 1061.65616 1.3 ± 0.7 Mix 
SPX D C43H65NO7 708.48108 1.1 ± 0.6 Mix 
10 
OA C44H68O13 803.45802 4.2 ± 1.8 Mix 
DTX-1 C45H70O13 817.47407 4.6 ± 1.0 Mix 
27-hydroxy-
13-
desmethyl 
SPX C 
C42H61NO8 708.44732 3.5 ± 1.2 Mix 
15 
OA C44H68O13 803.46126 4.3 ± 2.2 Mix 
DTX-1 C45H70O13 817.47531 3.2 ± 2.2 Mix 
27-hydroxy-
13-
desmethyl 
SPX C 
C42H61NO8 708.44683 3.8 ± 1.5 Mix 
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* Single exposure = P. lima or A. ostenfeldii was added to as a food to the mussels. Mix exposure = P. 
lima and A. ostenfeldii were added simultaneously as a food to the mussels. 
4. Discussion 
 
Mussels are becoming one of the most cultured and consumed shellfish species 
around the world (Fernandez et al. 2011). Mussels are relatively easy to culture in 
comparison to other shellfish because they are able to tolerate extreme environmental 
conditions, such as a wide range of salinities, solar radiations and temperatures 
(Riisgard et al. 2012, Helmut et al. 1998). Species of mussels such as M. edulis, M. 
galloprovincialis, and M. chilensis are well known as organisms able to accumulate 
several contaminants, microplastics, and marine toxins, among others (Van 
Cauwenberghe et al. 2014). Furthermore, mussels have become sentinel organisms in 
monitoring programs of marine toxins (Hess et al. 2013, Trainer et al.. 2015).  
In our previous work (Chapter IV) in the BPNS two main groups of toxins (i.e. OA 
and SPXs) were found to be highly accumulated and metabolized by different marine 
organisms. However, no signs of HABs have been previously reported for this zone. 
Nonetheless, it seems that marine organisms and in particular shellfish are 
continuously exposed to and accumulating LMBT in this zone. Therefore, it is 
important to gain knowledge on the uptake, distribution, metabolization and excretion 
of LMBT in marine organisms. In this work, key edible shellfish (M. edulis) were 
exposed to two toxin producers (i.e. P. lima and A. ostenfeldii) to study the 
distribution, metabolization and excretion of the OA and SPX groups under 
laboratory conditions. Simultaneously, distribution, metabolization and excretion by 
the same shellfish species exposed to natural toxins were studied in a field experiment 
in the BPNS.   
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During the laboratory experiment, mussels were not only fed with toxic species, but 
also non-toxic species (i.e. I. galbana and T. suecica) at the same ratio were added to 
the diet in order to simulate natural conditions. In nature or even in a bloom of toxic 
microalgae, mussels are filtering a wide range of phytoplankton species (Svensson & 
Forlin, 2004). In addition, exposing mussels only to toxic species could lead to false 
estimations.  
M. edulis exhibited no apparent detrimental physiological responses (observed) 
during the exposure to P. lima, A. ostenfeldii or to a mix of both. The mussels 
appeared to be actively feeding at all times. After 3 days of a single toxin exposure, 
M. edulis showed a fast uptake and accumulation of OA and SPXs toxins. 
Furthermore, under mixed exposure the mussels seemed able to uptake and even 
excrete the toxins faster in particular the SPX group in comparison to the single 
exposure. Indeed, the detection of toxins in the water and faeces at day 3 
demonstrated that mussels are accumulating and metabolizing toxins at an early stage. 
Analysis of the distribution of toxins in mussels revealed a major accumulation of OA 
and SPXs in visceral samples. Similar results have been reported in scallops exposed 
to P. lima (Bauder et al. 2001). Other results have been reported in oysters for SPXs 
where the digestive gland contained 83% and the remaining tissue only 17% 
(Medhioub et al. 2012). However, in other studies the percentages are much lower in 
non-visceral samples under field and laboratory conditions (Blanco et al. 2007, 
Matsushima et al. 2015). Our data also show that there is a low concentration of 
toxins in non-visceral tissue, however the concentrations of some compounds may 
increase after long exposure (see Pillet et al. 1995).  During the entire laboratory 
experiment, the OA group showed higher concentrations than the SPXs group. This is 
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most likely because the production of toxins by cells of P. lima was almost double (in 
concentration) compared to the production by cells of A. ostenfeldii.  
M. edulis showed a progressive accumulation of the parent algal compounds and 
metabolites from both groups toxins after 3 days of single and mixed exposure. 
Concentrations of toxins found in visceral and non-visceral tissues were increasing 
during the exposure to both groups until day 10 (except for mixed exposure). 
However, at 15 days M. edulis showed a slight decrease or steady in number and 
concentrations of compounds during the single exposures. On the other hand, after 15 
days of mixed exposure mussels showed a steady accumulation of compounds and 
concentrations were slightly higher. For instance, observations of mussels in the field 
suggest that uptake, metabolization and depuration rates are affected by the 
availability of seston or other food items accompanying an algal bloom (Sampayo et 
al. 1990; Blanco et al. 1995). Similar experiments have been performed to study OA 
and SPXs biotransformation by scallops (Matsushima et al. 2015) and oysters 
(Medhioub et al. 2012). These authors observed a fast metabolization of compounds. 
Nonetheless, it is difficult to compare these data to ours due to the short duration of 
their experiment (4 days), the absence of quantitative data and differences in 
experimental design. Bauder et al. 2001, exposed scallops to P. lima for two weeks 
and although similar results were reported on absorption and distribution of toxins, 
characterization of compounds found was not presented.  
In this report, early and fast excretion was observed after one hour of single and 
mixed exposure. M. edulis showed an increase in number of compounds over time in 
faeces or pseudofaeces. For most of the toxins the highest concentrations were found 
in the mixed exposure. In addition, more toxins were detected in faeces or 
pseudofeces from the mixed exposure as compared to the single exposure. Medhioub 
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et al. 2012 reports a high amount of intact cells of A. ostenfeldii found in faeces from 
an oyster species (Crassostrea gigas) during a laboratory exposure. However, in this 
study intact cells in faeces and pseudofaeces were not observed since they were fastly 
dispersed due to the aeration of each aquarium.  
During the field experiment, accumulation of LMBT was detected after 5 days of 
exposure. Low concentrations of toxins were found only in visceral samples of M. 
edulis in each station sampled. These findings support the previous observations (see 
Chapter IV) of a constant exposure of seafood to marine toxins in the BPNS. To the 
best of our knowledge, this study is the first on exposure of M. edulis to harmful algae 
under natural conditions without a previous event of a bloom. The poor distribution of 
toxins in non-visceral tissue of shellfish has been reported before for the OA group 
(Blanco et. al. 2007) and for the SPXs in whole flesh (Pigozzi et al. 2006; Amzil et al. 
2007). Furthermore, A. ostenfeldii as main causative agent of SPXs has been reported 
around the world (Kremp et al. 2014) in small blooms and in variable concentrations 
(Cembella et al. 2000; John et al. 2003). However, the occurrence of SPXs in shellfish 
tissue in the BPNS poses a high threat, because A. ostenfeldii has been reported as 
paralytic toxin producer in the North Sea (Van den Waal et al. 2015).     
Although a poor metabolization of both groups of toxins (i.e. OA and SPXs) was 
detected only after 15 days of exposure, these results show that mussels are able to 
accumulate and metabolize several toxins in a short time without an apparent event of 
HABs in this zone. Metabolization of OA and SPXs have been widely studied in 
shellfish species under natural accumulation (Gerssen et al. 2010; Altares et al. 2014; 
Rundberget et al. 2011; Dees et al. 2009; Mak et al. 2005; Pitcher et al. 2015). 
However, studies on time of uptake, distribution and metabolism under natural 
conditions are lacking. During the field experiment, no samples of faeces or 
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pseudofaeces could be collected, because deposition on the small cages was easily 
removed by the sea current. The highlighted profile of toxins as observed in this study 
in the key seafood species M. edulis gives credit to the hypothesis that, under natural 
conditions M. edulis is transforming a vast number of toxins. Since many persons 
consume seafood on a regular basis, the long-term presence of toxins albeit at below 
the regulatory limits relating to acute effects raises the question about the effects of 
these metabolites and the need for further investigation. For example a methyl ester of 
OA (MeOK) was found to be more potent than OA, specifically in disrupting the actin 
cytoskeleton and metabolism of primary cultures of hepatocytes (Espiña et al. 2010).   
5. Conclusion 
 
Mussels are a common vector of LMBT to humans and are also able to accumulate 
and transform these toxins fast. Therefore, an in-depth understanding of the ADME 
processes in mussels is needed as well as a comprehensive study of the toxin profiles 
in mussels upon exposure to reveal the potential risks for public health and the 
environment. In this work, mussels were exposed to single and mixed toxin groups 
(OA and SPX) under laboratory and field conditions (in the BPNS). Overall, 
concentrations of toxins in mussels tended to stabilize after 10 days of exposure. 
Nonetheless, mussels continued transforming toxins until day 15. One of the 
remarkable findings of this study was the confirmation of the main accumulation of 
two groups of toxins (i.e. OA and SPXs) in less than 10 days in mussels during 
exposure in the BPNS.  
In conclusion, results from this study indicate not only the urgency to evaluate the 
possible effects that these mixed natural toxins exert on key seafood such as mussels 
but also the potential risk of this exposed seafood to human health.  
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Supplementary Table 5.1 Lipophilic marine biotoxins detected in the extract of mussels exposed to P. lima (n=7). The results were obtained by usage of the software 
program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds 
was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                     
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope ratio 
(%)  
Observed 
isotope 
ratio (%) 
Variation 
(SD) 
Tentative identity 
Mean 
concentration 
found (μg/kg-1) 
Tissue 
C44H68O13 1.95 803.46234 4.50 - 47.59 46.43 9.46 OA/DTX-2 5.17 visceral  
C45H70O13 2.09 817.47717 3.46 - 48.67 48.39 10.28 DTX-1 8.63 visceral  
5 DAYS                     
C44H68O13 1.96 803.46198 4.05 - 47.59 44.32 13.26 OA/DTX-2 9.12 visceral 
C44H68O13 1.97 803.46007 1.68 - 47.59 45.86 15.65 OA/DTX-2 4.83 Non-visceral 
C45H70O13 2.11 817.47687 3.05 - 48.67 47.22 9.45 DTX-1 11.81 visceral 
C45H70O13 2.13 817.47488 0.66 - 48.67 47.68 14.69 DTX-1 6.56 Non-visceral 
C58H88O14 5.22 1007.61098 0.84 - 62.75 64.22 9.28 14:3 OA/DTX-2 2.59 visceral 
C60H94O14 5.88 1037.65874 0.15 - 64.89 61.67 12.48 16:2 OA/DTX-2  5.65 visceral 
10 DAYS                     
C44H68O13 1.96 803.46275 5.01 - 47.59 44.32 13.26 OA/DTX-2 12.05 visceral 
C44H68O13 1.98 803.46007 1.68 - 47.59 47.05 14.93 OA/DTX-2 8.64 non-visceral 
C45H70O13 2.11 817.47544 1.34 - 48.67 47.22 15.45 DTX-1 15.13 visceral 
C45H70O13 2.11 817.47401 -0.40 - 48.67 45.67 11.45 DTX-1 4.45 non-visceral 
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C58H88O14 5.24 1007.61224 0.20 - 62.75 60.19 7.56 14:3 OA/DTX-2 4.93 Non-visceral 
C60H94O14 5.85 1037.65770 -0.14 - 64.89 64.35 11.68 16:2 OA/DTX-2  7.21 visceral 
C54H82O14 2.68 953.56256 -0.65 - 58.40 50.11 13.29 OA D6 5.30 visceral 
C52H80O14 2.66 927.54761 0.08 - 56.24 48.27 13.66 12 OA 10.85 visceral 
15 DAYS                     
C44H68O13 1.94 803.46136 3.20 - 47.59 41.88 15.36 OA/DTX-2 9.77 Viceral 
C44H68O13 1.95 803.46115 3.13 - 47.59 42.32 11.82 OA/DTX-2 3.55 non-visceral 
C45H70O13 2.11 817.47601 2.01 - 48.67 47.76 12.45 DTX-1 13.21 Viceral 
C45H70O13 2.12 817.47607 2.07 - 48.67 45.29 13.13 DTX-1 7.24 non-visceral 
C60H94O14 5.84 1037.65688 -0.19 - 64.89 63.58 10.21 16:2 OA/DTX-2  8.79 visceral 
C54H82O14 2.78 953.56195 -1.28 - 58.40 62.85 12.66 13 OA 1.76 Viceral 
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Supplementary Table 5.2 Lipophilic marine biotoxins detected in the extract of mussels exposed to A. ostenfeldii (n=7). The results were obtained by usage of the software 
program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds 
was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                     
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio (%) 
Variation 
(SD) 
Tentative identity 
Mean 
concentration 
found (μg/kg) 
Tissue 
C42H61NO8 4.09 708.44513 -2.62 + 45.43 42.07 15.86 
27-hydroxy-13-desmethyl 
SPX C 
0.69 Visceral 
C43H63NO7 3.46 706.46986 0.34 + 46.51 45.17 7.43 20-methyl SPX G 0.34 Visceral 
5 DAYS 
          
C42H61NO8 4.08 708.44761 0.87 + 45.43 44.77 10.15 
27-hydroxy-13-desmethyl 
SPX C 
2.30 Visceral 
C42H61NO8 4.08 708.44593 -1.49 + 45.43 42.19 7.22 
27-hydroxy-13-desmethyl 
SPX C 
1.83 Non-isceral 
C43H63NO7 3.46 706.46986 0.34 + 46.51 45.17 8.43 20-methyl SPX G 2.34 Visceral 
10 DAYS                     
C43H65NO7 3.31 708.48677 4.78 + 45.43 42.89 10.43 SPX D 3.92 Visceral 
C42H61NO8 4.09 708.44513 -2.62 + 45.43 42.07 15.86 
27-hydroxy-13-desmethyl 
SPX C 
0.31 Visceral 
C42H61NO8 4.09 708.44773 0.10 + 45.43 44.20 9.69 
27-hydroxy-13-desmethyl 
SPX C 
3.90 
Non-
Visceral 
C43H63NO7 3.48 706.47091 3.83 + 46.51 45.17 6.43 20-methyl SPX G 3.04 Visceral 
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15 DAYS                     
C43H65NO7 3.32 708.48422 1.18 + 45.43 43.17 8.67 SPX D 3.80 Visceral 
C42H61NO8 5.35 725.46515 -1.15 + 45.43 43.55 8.56 
27-hydroxy-13-desmethyl 
SPX C 
4.88 Visceral 
C43H63NO7 3.46 706.46811 -0.12 + 46.51 45.88 9.04 20-methyl SPX G 4.25 Visceral 
C43H63NO7 3.47 706.46790 -0.42 + 46.51 44.27 8.71 20-methyl SPX G 1.74 
Non-
Visceral 
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Supplementary Table 5.3 Lipophilic marine biotoxins detected in the extract of mussels exposed to P. lima and A. ostenfeldii (n=7). The results were obtained by usage of 
the software program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of 
the compounds was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                     
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio (%) 
Variation 
(SD) 
Tentative identity 
Mean 
concentration 
found (μg/kg-1) 
Tissue 
C44H68O13 1.95 803.46111 2.97 - 47.59 45.75 14.07 OA/DTX_2 5.97 Visceral 
C44H68O13 1.93 803.46013 1.75 - 47.59 43.76 15.13 OA/DTX-2 1.27 Non-visceral 
C45H70O13 2.09 817.47651 2.65 - 48.67 44.39 13.57 DTX-1 8.04 Visceral 
C45H70O13 2.08 817.47679 2.96 - 48.67 45.12 11.25 DTX-1 6.67 Non-visceral 
C43H65NO7 3.33 708.48330 -0.11 + 46.51 46.81. 10.73 Spirolide D 1.03 Visceral 
5 DAYS                     
C44H68O13 1.95 803.46201 4.09 - 47.59 45.13 12.18 OA/DTX-2 3.88 Visceral 
C44H68O13 1.94 803.46198 4.05 - 47.59 43.24 12.46 OA/DTX-2 2.24 Non-visceral 
C45H70O13 2.09 817.47643 2.55 - 48.67 48.39 16.28 DTX-1 6.31 Visceral 
C45H70O13 2.07 817.47507 0.89 - 48.67 45.73 13.21 DTX-1 3.93 Non-visceral 
C60H94O14 5.87 1037.65818 1.06 - 64.89 62.05 15.27 16:2 OA/DTX-2  1.66 visceral 
C43H65NO7 3.32 708.48603 3.74 + 46.51 42.53 14.29 Spirolide D 1.15 Visceral 
C42H63NO8 4.68 710.45953 -4.37 + 45.43 44.32 9.51 Spirolide E 1.47 Visceral 
10 DAYS                     
C44H68O13 1.95 803.46088 2.68 - 47.59 44.97 15.46 OA 5.57 Visceral 
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C44H68O13 1.97 803.45906 0.42 - 47.59 46.44 13.18 OA 4.25 Non-visceral 
C45H70O13 2.09 817.47509 0.91 - 48.67 46.19 11.28 DTX-1 10.03 Visceral 
C45H70O13 2.05 817.47664 2.81 - 48.67 46.22 10.88 DTX-1 3.75 Non-visceral 
C54H82O14 2.78 953.56195 -1.28 - 58.40 62.85 14.66 13 OA 2.57 Visceral 
C43H65NO7 3.32 708.48573 3.31 + 46.51 45.88 8.15 Spirolide D 3.99 Visceral 
C42H61NO8 4.09 708.44513 -2.62 + 45.43 42.07 15.86 
27-hydroxy-13-
desmethyl SPX C 
0.26 Visceral 
C43H63NO7 3.47 706.46883 0.89 + 46.51 42.54 11.08 20-methyl SPX G 1.45 Visceral 
15 DAYS                     
C44H68O13 1.95 803.45921 0.61 - 47.59 41.43 11.46 OA 7.64 Visceral 
C44H68O13 1.93 803.46159 3.57 - 47.59 40.14 13.34 OA 3.84 Non-visceral 
C45H70O13 2.09 817.47662 2.78 - 48.67 50.39 15.28 DTX-1 15.61 Visceral 
C45H70O13 2.09 817.47408 -0.31 - 48.67 43.21 12.07 DTX-1 7.03 Non-visceral 
C54H82O14 2.78 953.56246 -0.8 - 58.40 62.85 13.21 13 OA 1.24 Visceral 
C54H82O14 2.79 953.56227 -0.95 - 58.40 59.35 14.66 13 OA 1.08 Non-visceral 
C43H65NO7 3.32 708.48614 3.89 + 46.51 42.07 14.55 Spirolide D 6.43 Visceral 
C42H63NO8 4.67 710.46107 -2.20 + 45.43 43.84 10.96 Spirolide E 2.60 Visceral 
C42H61NO8 4.09 708.44634 -0.91 + 45.43 42.07 16.86 
27-hydroxy-13-
desmethyl SPX C 
5.20 Visceral 
C42H61NO8 4.08 708.44684 -0.21 + 45.43 44.82 15.43 
27-hydroxy-13-
desmethyl SPX C 
2.86 Non-visceral 
C43H63NO7 3.47 706.46811 -0.12 + 46.51 46.13 8.56 20-methyl SPX G 3.29 Visceral 
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Supplementary Table 5.4 LMBT detected in mussels during the field exposure (n=7). The results were obtained by usage of the software program ToxID, whereby a 
minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
        3 DAYS                 
Station 
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass 
(m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio    
(%) 
Variation 
(SD) 
Tentative name 
Mean 
concentration 
found (ug/kg) 
Tissue 
  
           
          5 DAYS                 
4 C43H66NO7 3.30 708,48409 0.87 + 46,51 47.91 12,63 Spirolide D 1.15 Visceral 
         10 DAYS                 
1 C45H70O13 2.09 817,47544 1.29 - 48.67 47.65 11.13 DTX-1 1.82 Visceral 
3 C43H66NO7 3.30 708,48581 3.42 + 46,51 48.91 2,02 Spirolide D 2.06 Visceral 
4 
C43H66NO7 3.30 708,48511 2.44 + 46,51 47.46 12,02 Spirolide D 1.32 Visceral 
C42H61NO8 4.09 708,44893 2.73 + 45,43 44,08 15,86 
27-hydroxy-13-
desmethyl SPX C 
1.54 Visceral 
          15 DAYS                 
1 
C45H70O13 2.09 817,47782 4.25 - 48.67 48.90 10.28 DTX-1 2.57 Visceral 
C43H66NO7 3.30 708,48517 2.52 + 46,51 45.12 15,36 Spirolide D 1.89 Visceral 
2 C43H66NO7 3.30 708,48611 3.85 + 46,51 48.91 2,02 Spirolide D 1.14 Visceral 
3 
C43H66NO7 3.30 708,48601 3.71 + 46,51 48.14 15,82 Spirolide D 2.06 Visceral 
C42H61NO8 4.09 708,44417 -3,98 + 45,43 43,97 11,39 
27-hydroxy-13-
desmethyl SPX C 
1.95 Visceral 
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4 
C54H82O14 2.78 953,56522 2.31 - 58.40 60.85 14.66 13 OA 2.54 Visceral 
C43H66NO7 3.30 708,48442 1.46 + 46,51 48.91 12,02 Spirolide D 1.58 Visceral 
C42H61NO8 4.09 708,44782 1.17 + 45,43 42,07 12,86 
27-hydroxy-13-
desmethyl SPX C 
2.22 Visceral 
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Supplementary Table 5.5 LMBT detected in the faeces and pseudofaeces after exposure of mussels to P. lima (n=10). The results were obtained by usage of the software 
program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds 
was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope ratio    
(%) 
Variation 
(SD) 
Tentative identity 
Mean 
concentration 
(ng/g) 
          
5 DAYS                   
C44H68O13 2.04 803.460820 2.61 - 47.59 45.85 16.75 OA 0.47 
C60H94O14 5.89 1037.65955 0.23 - 64.89 64.25 15.86 16:2 OA/DTX-2 3.56 
10 DAYS                   
C44H68O13 2.04 803.46078 2.56 - 47.59 44.31 11.37 OA 0.79 
C60H94O14 5.87 1037.65918 0.20 - 64.89 62.18 9.23 16:2 OA/DTX-2  1.97 
15 DAYS                   
C44H68O13 2.04 803.46228 4.43 - 47.59 45.65 14.13 OA 1.58 
C60H94O14 5.88 1037.65845 0.13 - 64.89 61.22 12.18 16:2 OA/DTX-2  3.73 
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Supplementary Table 5.6 LMBT detected in the faeces and pseudofaeces after exposure of mussels to A. ostenfeldii (n=10). The results were obtained by usage of the 
software program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the 
compounds was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope ratio 
(%)  
Observed 
isotope ratio 
(%) 
Variation 
(SD) 
Tentative name 
Mean 
concentration 
found (ng/g) 
          
5 DAYS                   
          
10 DAYS                   
C42H61NO8 4.09 708.44513 -2.62 + 45.43 42.07 12.86 
27-hydroxy-13-desmethyl SPX 
C 
0.11 
C43H63NO7 3.47 706.46820 _0.14 + 46.51 44.97 10.44 20-methyl SPX G 0.76 
15 DAYS                   
C42H61NO8 4.11 708.44598 -1.42 + 45.43 44.31 12.18 
27-hydroxy-13-desmethyl SPX 
C 
0.13 
C43H63NO7 3.46 706.46790 0.10 + 46.51 43.22 14.12 20-methyl SPX G 0.13 
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Supplementary Table 5.7 LMBT detected in the faeces and pseudofaeces after exposure of mussels to P. lima and A. ostenfeldii (n=10). The results were obtained by usage 
of the software program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of 
the compounds was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate mass 
(m/z) 
Error 
(%) 
Ion 
mode 
Theoretical isotope 
ratio (%)  
Observed 
isotope ratio    
(%) 
Variation 
(SD) 
Tentative 
name 
Mean 
concentration 
found (ng/g) 
C44H68O13 1.90 803.46195 4.02 - 47.59 46.25 11.33 OA 1.04 
C45H70O13 2.04 817.47813 4.59 - 48.67 47.53 11.14 DTX-1 2.03 
C43H65NO7 3.33 708.48513 2.47 + 46.51 46.11 10.42 Spirolide D 1.61 
5 DAYS                   
C44H68O13 1.89 803.46228 4.43 - 47.59 46.48 11.12 OA 3.41 
C45H70O13 2.06 817.47729 3.57 - 48.67 48.03 10.59 DTX-1 7.23 
C60H94O14 5.88 1037.65906 1.91 - 64.89 62.64 14.34 16:2 OA  0.36 
C43H65NO7 3.31 708.48639 4.24 + 46.51 46.11 10.42 Spirolide D 1.37 
10 DAYS                   
C44H68O13 1.90 803.46161 3.59 - 47.59 47.12 10.47 OA 5.01 
C45H70O13 2.06 817.47766 4.06 - 48.67 46.25 12.42 DTX-1 9,12 
C60H94O14 5.88 1037.65857 1.43 - 64.89 62.13 12.34 16:2 OA  0.58 
15 DAYS                   
C44H68O13 1.89 803.46173 3.74 - 47.59 46.66 11.17 OA 1.28 
C45H70O13 2.06 817.47778 4.17 - 48.67 47.77 11.51 DTX-1 4.37 
C60H94O14 5.89 1037.65942 2.25 - 64.89 61.84 13.05 16:2 OA  0.25 
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C43H63NO7 3.46 706.46802 -0.25 + 46.51 45.68 10.85 
20-methyl 
SPX G 
1.17 
 
 
Supplementary Table 5.8 LMBT detected in the seawater after exposure of mussels to P. lima (n=10). The results were obtained by usage of the software program ToxID, 
whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds was performed 
using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate mass 
(m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope ratio 
(%)  
Observed 
isotope 
ratio    (%) 
Variation 
(SD) 
Tentative 
identity 
Concentration 
(ng/ml) 
C44H68O13 1.89 803.46013 1.75 - 47.59 49.36 13.75 OA 1.64 
5 DAYS                   
C44H68O13 1.89 803.45745 -1.58 - 47.59 49.36 13.75 OA 1.78 
10 DAYS                   
C44H68O13 2.04 803.46137 3.29 - 47.59 45.85 16.75 OA 3.35 
C45H70O13 2.14 817.47267 -2.04 - 48.67 49.58 12.31 DTX-1 1.43 
15 DAYS                   
C44H68O13 2.04 803.46115 3.02 - 47.59 46.85 16.75 OA 5.15 
C45H70O13 2.14 817.47633 2.43 - 48.67 49.58 12.31 DTX-1 2.83 
C60H94O14 5.83 1037.65765 0.10 - 64.89 63.77 9.90 16:2 OA  0.37 
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Supplementary Table 5.9 LMBT detected in the seawater after exposure of mussels to A. ostenfeldii (n=10). The results were obtained by usage of the software program 
ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds was 
performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate 
mass (m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
isotope 
ratio (%)  
Observed 
isotope 
ratio (%) 
Variation 
(SD) 
Tentative name 
Mean 
concentration 
found (ng/ml) 
          
5 DAYS                   
C42H61NO8 4.09 708.44727 0.39 + 45.43 44.21 8.86 27-hydroxy-13-desmethyl SPX C 0.69 
10 DAYS                   
C42H61NO8 4.09 708.44513 -2.62 + 45.43 42.07 12.86 27-hydroxy-13-desmethyl SPX C 0.69 
15 DAYS                   
C42H61NO8 4.11 708.44598 -1.42 + 45.43 44.31 12.18 27-hydroxy-13-desmethyl SPX C 0.60 
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Supplementary Table 6.0 LMBT detected in the seawater after exposure of mussels to P. lima and A. ostenfeldii (n=10). The results were obtained by usage of the software 
program ToxID, whereby a minimum peak intensity of 1000 and a maximum mass deviation of 5 ppm were taken into account. Confirmatory identification of the compounds 
was performed using the 
13
C/
12
C isotopic ion ratio, according to the criteria described in CD 2002/657/EC (2002). 
3 DAYS                   
Elemental 
composition 
tR 
(min) 
Measured 
accurate mass 
(m/z) 
Error 
(%) 
Ion 
mode 
Theoretical 
Isotope ratio 
(%)  
Observed 
isotope ratio 
(%) 
Variation 
(SD) 
Tentative name 
Concentration 
(ng/ml) 
C44H68O13 1.89 803.46006 1.66 - 47.59 48.54 14.27 OA 0.74 
C45H70O13 2.04 817.47721 3.51 - 48.67 45.83 10.11 DTX-1 1.13 
C43H65NO7 3.29 708.48108 -3.24 + 46.51 43.42 8.35 SPX D 1.06 
5 DAYS                   
C44H68O13 1.89 803.45993 1.50 - 47.59 45.36 11.5 OA 1.22 
C60H94O14 3.29 1061.65616 2.43 - 64.89 63.64 12.31 16:2 OA/DTX-2  0.51 
C43H65NO7 3.29 708.48108 -3.24 + 46.51 43.42 8.35 SPX D 1.06 
10 DAYS                   
C44H68O13 2.04 803.45802 -0.87 - 47.59 42.37 13.03 OA 4.22 
C45H70O13 2.14 817.47407 -0.33 - 48.67 45.45 6.53 DTX-1 4.57 
C42H61NO8 4.09 708.44732 0.46 + 45.43 42.07 8.48 
27-hydroxy-13-
desmethyl SPX C 
3.45 
15 DAYS                   
C44H68O13 2.04 803.46126 3.16 - 47.59 45.85 15.75 OA 4.32 
C45H70O13 2.14 817.47531 1.18 - 48.67 49.58 12.31 DTX-1 3.15 
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C42H61NO8 4.12 708.44683 -0.22 + 45.43 42.13 11.36 
27-hydroxy-13-
desmethyl SPX C 
3.76 
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1. Overall importance of marine toxins and the local scenario 
 
HABs have become a worldwide phenomenon and therefore pose a threat, not only to 
general public health and food safety but also to fisheries, aquaculture and tourism 
(Botana, 2016). Recently, increases in the frequency and severity of blooms of 
harmful algae have been reported around the world and were linked to massive die-off 
of wild and cultured animals (US, Chile, Canada). Annual economic losses because of 
HABs in Europe have been estimated at an average of €650 million (Stolte et al. 
2003).   
However, within the BPNS little is known about local harmful algae and its toxins 
and HAB monitoring programs have not been implemented so far. The Belgian coast 
and the BPNS are very important for the different economic sectors developed. 
Tourism registered an average of 17 million tourists per day and a turnover of 2.7 
billion euros during 2015 (Monballyu & Pirlet 2015). Along the 14 seaside towns of 
the Belgian coast, water-related activities such as sailing, surfing (kite surf), angling 
and sea-bathing or walking along the beach are the most common. Shrimp and fish 
fisheries and recreational sea fishing also have a social-economic importance in the 
BPNS. More than 630 vessels have been inventoried for recreational fishing (VLIZ 
2015). Around 5,000 people work in sectors related to fishing or fish processing 
(Roegiers et al. 2013). Furthermore, plans for prominent aquaculture activities in the 
BPNS have been launched with the aim to promote sustainable, innovative and 
knowledge based aquaculture. From December 2015, the European Commission 
adopted a €68.6 million investment package for the Belgian fisheries and aquaculture 
sectors for the period 2014-2020 (MARE, 2015). However, in this zone, the extensive 
merchandise traffic, the discharge of ballast waters, and the local influence of river 
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nutrient loads can represent a real threat for introduction of toxigenic non-endemic 
(algal) species and could trigger the formation of HABs.   
2. Research positioning and relevance 
 
One of the most contemporary toxins found in HABs, shellfish and general marine 
biota are the lipophilic marine toxins (Garcia-Altares et al. 2014, Gerssen et al. 2011, 
Kilcoyne et al. 2014). This group of toxins is responsible for a variety of 
gastrointestinal illnesses upon consumption of contaminated seafood (Garcia-Altares 
et al. 2013). Up to date, more than 200 lipophilic toxins have been described. 
However, since these toxins are accumulated and metabolized in several vectors such 
as seafood, the number of toxins may be much higher.   
Extensive monitoring programs of marine toxins in edible shellfish, phytoplankton 
and other biota have been consolidated around the world (Botana, 2016) through the 
inclusion of powerful analytical tools like LC-MS. Furthermore, since 2011 the LC-
MS/MS method has become the reference technique for detection of LMBT in 
bivalve molluscs in Europe (EURLMB, 2011). However, these methods show some 
limitations because only a restricted number of toxins can be measured and the toxins, 
targeted during the analysis, have to be determined in advance. As a consequence, this 
approach poses a limitation to detect new toxins and metabolites in different types of 
seafood. In this context, validated methods for screening an unlimited number of 
toxins and metabolites in key seafood would offer great potential. On the other hand, 
regarding the increased occurrence and intensity of HABs, more research is also 
needed into the detection of toxins in harmful algae. Although new knowledge about 
toxins producers, their life cycle and the isolation of new strains allowed scientists to 
culture harmful algae successfully and produce LMBT under laboratory conditions, 
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the remaining challenge in this research field was the development of a fit-for-
purpose method for the extraction and detection of toxins in microalgae.  
Current economic sectors, recreational and future businesses such as aquaculture in 
the BPNS may be affected by a possible occurrence of a harmful algal bloom. 
Therefore, a more in-depth understanding of the occurrence and profile of marine 
toxins present in the different marine trophic levels of the BPNS was urgently needed. 
In the BPNS, mussels are a key seafood item and very common along the coast. Since 
mussels from this zone have been reported to accumulate several groups of LMBT, it 
was crucial to further investigate how mussels absorb, distribute, metabolize and 
excrete LMBT. 
Considering the local context and the gaps in current research, the scope of this 
doctoral thesis included: 
 Detect and quantify lipophilic marine toxins in shellfish by development and 
validation of an ultra-high performance liquid chromatography high-resolution 
mass spectrometric method (UHPLC-HR-Orbitrap-MS) (Chapter II). 
 Optimize a generic extraction protocol, and detect and quantify five groups of 
lipophilic marine toxins in microalgae by development and validation of an 
ultra-high performance liquid chromatography high-resolution mass 
spectrometric method (UHPLC-HR-Orbitrap-MS) (Chapter III).  
  To investigate the prevalence of various lipophilic marine toxins in key edible 
organisms from different trophic levels from the BPNS, applying the methods 
developed in Chapters II and III (Chapter IV). 
  To explore the absorption, distribution, metabolization and excretion of toxins 
by mussels, which were exposed to a single toxin or toxin mixture, produced 
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by cultured algae in a laboratory and by algae during a field experiment 
(Chapter V).    
3. Main research findings and scientific contributions 
 
The main accomplishments of this work are summarized in the following figure. 
 
Fig. 6.1 Schematic overview of the main accomplishments of this thesis 
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3.1 Analysis of lipophilic marine toxins from shellfish using UHPLC-HR-
Orbitrap-MS 
 
Shellfish are the most targeted organisms in studies on the accumulation of LMBT 
since they can act as a vector to humans. Indeed, shellfish filter feeders are able to 
accumulate high levels of toxins in a short time, and metabolize, transform and 
excrete them. Toxin profiles reported in shellfish are remarkably variable and these 
profiles depend on a vast range of variables, such as origin, temperature, age of the 
organism, organ analyzed, time of exposure, etc. Therefore, the development and 
validation of a confirmatory analytical procedure based on UHPLC-HR-Orbitrap-MS 
for LMBT in shellfish was obviously of prime importance to profile parent and 
metabolites toxins by applying the full scan operating principle. 
The first objective comprised optimization of the chromatographic separation. The 
selection of the C18 gravity column was according to the baseline separation and the 
retention time of the first and last eluting analyte. In addition, the column was able for 
analysis under recommended alkaline conditions (pH 11) (EURLMB 2011). These 
basic conditions can have an important effect on ionization, clustering in retention 
time window and stability of the compounds (Gerssen et al. 2009). An unexpected 
issue during continuous analysis of samples was clogging of the column. This issue 
may be caused by poor pre-filtration of the sample before drying or by inefficient 
removing of salts from the shellfish. In addition, the repetitive obstructions by fatty 
residues from shellfish samples led to a change in the column performance after about 
a year of frequent analyses. As such, a second filtration step was taken into 
consideration. 
In this study, the specific extraction procedure was followed based on EURLMB 
recommendations and prominent literature (Gerssen et al. 2010, Garcia-Altares et al. 
2013). Furthermore, validation of the analytical method was performed according to 
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the European guidelines (2002/657/EC) and considered accuracy, specificity, 
selectivity, repeatability, within-laboratory reproducibility, linearity, decision limit, 
detection capability and ruggedness. For all six groups of toxins, highly satisfactory 
validation results were obtained using UHPLC-HR-Orbitrap-MS. The performance 
was excellent and superior to previous studies in which MS/MS and HR-Orbitrap MS 
was applied (Garcia-Altares et al. 2013, Domènech et al. 2014). In fact, Gerssen et al. 
2011 and Domènech et al. 2014 reported the use of a LC-HRMS method for 
quantification of several LMBT. They also recommended the use of HCD to allow 
calculation of fragment ion ratios and confirmation of the compounds’ identity. In this 
context, HCD-fragmentation could also provide a first step towards identification of 
unknown compounds, for which it is suspected that these are toxins. Nevertheless, the 
recent introduction of hybrid high-resolution instruments such as the hybrid 
quadrupole-Orbitrap-MS allows selection of specific precursor m/z-values prior to 
fragmentation, which increases the selectivity and strongly advances the identification 
of unknowns. In our study, the presence of the [M+H]
+
 or [M−H]− ion, characterized 
by their specific retention times and respective mass accuracies, was used as the first 
diagnostic ion. Secondly, the 
13
C/
12
C diagnostic isotope ratio was selected for 
compound identification because the use of HCD-fragmentation proved to be less 
adequate as the acquired fragmentation spectra enclosed significant interferences 
among the low m/z-values.  
The developed method in this study was used for the detection and quantification of 
LMBT in shellfish (Chapter II) and microalgae (Chapter III). Additionally, the full-
scan Orbitrap-MS method also allowed toxin profiling in marine trophic levels 
(Chapter IV) and in LMBT-exposed key seafood (Chapter V).  
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3.2 Analysis of lipophilic marine toxins from microalgae using UHPLC-HR-
Orbitrap MS 
 
Species such as Dinophysis sp., Prorocentrum sp., Protoceratium sp., Alexandrium 
sp., and Azadinium sp. are currently identified as causative in poisoning events by 
lipophilic marine toxins. In this context, the number of species of potential toxic 
microalgae (Figure 6.2), new compounds and their analogues has increased 
meaningfully (Gerssen et al. 2011, Kilcoyne et al. 2014). However, optimized and 
validated analytical procedures for a simultaneous analysis of different groups of 
lipophilic marine toxins in algae had not been reported before and only few studies 
focused on the development of quantitative methods for one group of toxins (Jauffrais 
et al. 2012). This endorsed the need for proper extraction procedures in order to retain 
any produced toxin from the different species of microalgae, either in monoculture 
algae or phytoplankton samples.   
With the aim of developing an efficient, short and generic protocol, several 
experiments were carried out to explore the intracellular toxin extraction in 
microalgae. However, this task showed various challenges since each toxigenic 
microalgae species may present unique physiological characteristics. For example, 
many dinoflagellate species display strong armour (theca), making the extraction of 
the intracellular toxins more difficult. Also, cells of benthic species like P. lima were 
found attached to the filters during the first steps of extraction. In addition, removing 
salts from the cultures of A. ostenfeldii was a true challenge, since many small cells 
were present in this culture. Therefore, smaller filters were used to retain the cells, 
and salts particles retained were removed by gently washing the filters. Corrosive 
properties of solvents like acetone restricted the use of common materials in the 
laboratory, which was addressed by purchasing and testing material that was expected 
to be compatible with the solvents. By using a Plackett-Burman experimental design, 
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sample preparation procedures could be developed in an efficient and timely routine, 
empowering identification of optimal or critical conditions with a minimum of 
experiments (Plackett & Burman 1964).  
In order to maintain a generic extraction procedure for all toxins, a solid-liquid 
extraction similar to the mussel extraction (Orellana et al. 2014) was adopted. Based 
on methanol, critical conditions were selected for further optimization by response 
surface modelling (RSM). Ensuring an optimal break of cells and extraction of the 
intracellular toxins, the critical variable “bead heads” (2 g) showed a significant effect 
on the cell lysis. Solvents such as acetonitrile, methanol and acetone were tested 
during the optimization. Acetone showed to be a good solvent for extraction of the 
OA group, however not for the rest of the compounds. Good recoveries of YTXs were 
displayed when acetonitrile was used, however this solvent was not useful for the rest 
of the compounds. Finally, methanol showed to be the most appropriated solvent for 
extraction of LMBT in microalgae. Garcia-Altares et al. 2012 also found similar 
results for the extraction of LMBT in shellfish.     
In addition, a successful validation according to CD 2002/657/EC criteria by UHPLC-
HR-Orbitrap MS was performed, resulting in good performance of the method in 
terms of linearity, trueness, precision, LOD and LOQ. 
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Figure 6.2 A: In red a massive bloom of Chatonella sp. in the region Los Lagos, Chile during March - 
April 2016 (SERNAPESCA 2016). B: In red the occurrence of an enormous bloom of Alexandrium 
catenella in the region of Los Lagos, Chile during April - May 2016 
 
3.3 Accumulation of lipophilic marine toxins in various marine trophic levels 
 
Mollusks, fish and crustaceans are able to accumulate lipophilic marine biotoxins, in 
particular during harmful algal blooms, which in turn may lead to increased 
accumulation of toxins at higher levels in the food chain (Franchini 2010). Moreover, 
through bioaccumulation, the intoxication of higher trophic level feeders such as fish, 
marine mammals, seabirds and humans can occur (Turner et al. 2004).  
In this study, a total of 21 lipophilic toxins were tentatively identified in marine 
organisms from different trophic levels. Because many toxins were found and no 
standard solutions are available, a semi-quantitative strategy was performed to 
compare the levels between the different organisms sampled.    
In the BPNS, brown shrimp is a common organism and an important stock for 
fisheries with a long tradition and considerable economic value. Moreover, shrimp 
A B 
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plays an important role in tourism and artisanal fisheries. However, the accumulation 
of LMBT in shrimp was low in all sampling stations and also considered minimal 
from a public health and food safety perspective. Nevertheless, since many 
individuals are consuming seafood on a regular basis, the long-term presence of 
toxins in key edible organisms like shrimp (albeit at levels below the regulatory limits 
that are associated with acute effects) points towards the need for setting an 
acceptable daily intake for each toxin in seafood (Munday et al. 2013). 
A significant biotransformation of compounds from the okadaic acid and spirolide 
toxin group was observed, mainly in filter feeders such as mussels and oysters. 
However, the highest concentrations found in this study were in certain fish organs 
(Trachurus trachurus L. Carangidae). Finally, through the untargeted approach, this 
study showed that marine organisms in the Belgian coastal zone are exposed to a 
multi-toxin mixture. For most of the cases, the concentration levels of toxins were not 
harmful i.e. levels were below the permitted level (EURLMB 2011). However, most 
of the organisms sampled contained several toxins from more than one group, 
whereby the interaction toxicity effects of these compounds along various classes 
should be considered. In this context, risk assessment of shellfish toxins is a great 
challenge, since the relative toxicity of each toxin must be known to allow assessment 
of the overall toxicity of the extract. This requires the determination of appropriate 
toxicity equivalence factors (Munday et al. 2013). In this way, assuming that toxicity 
is additive, the total toxic potential of the mixture can be calculated.  
A potential shortcoming in the present work is that sampling was carried out only 
during summer time. In future studies, sampling times should be extended to include 
the four seasons of the year, but also research with consideration of local 
oceanographic conditions should be included. Sea surface temperature, thermal 
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stratification, thermoclines and tidal cycles (Diaz  et al. 2015, Blauw et al. 2012) 
should be added as critical factors to study potential blooms of harmful algae in the 
BPNS. In this context, at the BPNS the nearest observation of HABs was within 40 
kilometres, in the Oosterschelde estuary in the South-Western region of the 
Netherlands. In 2012, a dense bloom (10
3
 cells L
-1
) of A. ostenfeldii was reported by 
Burson (2014 and was linked to a dead pet at the beach. In 2013, Van de Waal (2015) 
observed a new bloom of A. ostenfeldii (4.5 x 10
3
 cell L
-1
) at the same place. These 
blooms pose a real threat to fisheries and the production of mussels, oysters and 
cockles in the Oosterschelde, not to mention the potential threats for public health 
considering the possibility of seafood intoxication.  
3.4 Exposure of mussels to single and mixed lipophilic marine toxins 
 
Shellfish filter feeders, including mussels, oysters, scallops and clams, are the most 
common vectors of LMBT to humans since they are highly cultivated and demanded. 
However, the most cultivated and consumed ones worldwide are mussels (Mytilus 
sp.). Moreover, the mussel has become a key organism in scientific studies as sentinel 
because of its higher capacity to accumulate biotoxins, metals and other hazardous 
substances (Van Cauwenberghe et al. 2014) compared to other shellfish. In most 
studies, shellfish are fed with microalgae to achieve exposure to a single toxin group 
(Medhioub et al. 2012). However, under natural conditions, shellfish are consuming a 
wide range of toxic microalgae, accumulating several groups of toxins 
simultaneously. Furthermore, observations of mussels in the field suggest that 
absorption, metabolization and depuration rates are affected by the availability of 
seston or other food components accompanying an algal bloom (Blanco et al. 1999, 
Sampayo et al. 1999). In the BPNS (Chapter IV), no sightings of HABs have been 
previously reported. Nonetheless, it seems that marine organisms and in particular 
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shellfish are continuously exposed to LMBT and thus accumulating these substances. 
Therefore, it is important to gain more knowledge on the ADME processes in the 
marine organisms.  
In this work, key edible shellfish (M. edulis) were exposed to two toxin producers (i.e. 
P. lima and A. ostenfeldii) to study the Uptake, Distribution, Metabolization and 
excretion, of the OA and SPX group under laboratory conditions. Simultaneously, 
Uptake, Distribution, Metabolization and excretion, by the same shellfish species 
exposed to natural toxins was studied in a field experiment in the BPNS. One 
remarkable finding in this study was the confirmation of the accumulation of 
detectable levels of two groups of toxins (i.e. OA and SPX) in less than 5 days in 
mussels during the field experiment at the BPNS. These findings support the previous 
observations (Chapter IV) of a constant exposure of seafood to marine toxins in the 
BPNS.  
Although low concentrations of several SPX metabolites were found in all stations in 
the field experiment, the occurrence of SPXs in shellfish tissue in the BPNS poses a 
high threat, because A. ostenfeldii (being the top producer of SPXs (Kremp et al. 
2014) has been reported as a paralytic toxin producer in neighboring waters of the 
BPNS as well (Van der Waal et al. 2015).  Recently, PSP events have been suggested 
as the cause for massive death of animals (Walia A. 2016, Theguardian 2016) and in 
the past also for human death (Hallegraeff, 2010). 
During the laboratory experiment, mussels were fed with P. lima, accumulating, 
metabolizing and excreting a few number of metabolites from group OA until day 10 
of the experiment. However, when mussels were exposed to a mixture of OAs and 
SPXs, higher OA concentrations were found in the mussels compared to the single 
exposure experiment. Overall, concentrations of toxins in mussels tended to stabilize 
 209 
after 10 days of exposure. Nonetheless, mussels continued transforming toxins until 
day 15. Similar results were found for both single and mixed exposure of mussels to 
A. ostenfeldii. Therefore, the development and use of UHPLC coupled to HR-
Orbitrap-MS has become a key instrument for the retrospective screening of 
analogues and metabolized toxins through the use of metabolomics software. New 
data on uptake, distribution, metabolization and excretion of analogues and 
metabolized toxins is presented in this study. In this way, both the retrospective 
screening as well as the full-scan principle is relevant as new information is generated 
and new insights on uptake, distribution, metabolization and excretion are acquired.  
An emergent obstacle with the presented methodology is certainly to be noted, i.e. 
some toxins from OA and DTX-2, and PTX1sa / PTX11sa have the same elemental 
composition and comparable structure. This makes identification solely based on the 
generated data (full-MS spectrum and chromatogram) very difficult. An alternative 
would be to differentiate and identify the toxins based on their unique fragmentation 
profiles, generated by e.g. hybrid high-resolution mass spectrometers, or orthogonal 
separations (e.g. ion mobility). 
4. Future perspectives  
 
4.1 Monitoring harmful algae and exploring their causative factors  
 
In this study, for the first time, a lipophilic toxin profile was presented for different 
marine organisms in the BPNS. The acquired data not only demonstrated a significant 
accumulation of several toxins in fish and shellfish, but also provided new insights 
(created awareness and increased knowledge) on the presence of marine toxins in key 
seafood. These results should be considered in future policies, directed towards for 
example tourism and aquaculture activities in the BPNS. Furthermore, considering the 
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importance of these activities and the economic sectors in the BPNS, it is imperative 
to gain more insight on the occurrence and potential threats from harmful algae and 
its toxins. Additionally, a well-implemented monitoring program of marine toxins 
should not only consider the sampling of toxigenic microalgae and biota but also 
monitor the variables that can trigger a bloom. In that way, an early prediction can be 
achieved. Furthermore, in the BPNS, it is recommended that future monitoring 
programs for harmful algae and marine toxins in biota and seafood include sampling 
on a monthly basis, and are coupled to monitoring programs that register local 
variations and influences of critical variables such as temperature, pH, salinity and 
nutrients. These additional variables may indeed constitute the needed data for HAB 
prediction models. Sentinel organisms, such as mussels, can be identified and used 
only to register occurrence of accumulation of toxins but not as a reference for 
concentrations. Complementary to monitoring, tools such as passive samplers 
(placed) in buoys, wind farms or in fixed sampling stations could be an easy and 
faster option for early warnings. For example, several countries have developed alert 
levels in seawater (cells L
-1
) for a series of toxin-producing phytoplankton species. In 
the United Kingdom, alert levels exist for phytoplankton in seawater as part of the 
official control program (table 6.1) (McLeod et al. 2015). To the best of our 
knowledge, no such program has been implemented in the BPNS. 
Table 6.1 Phytoplankton alert levels used for Official Control purposes in the United Kingdom 
(January 2015).  
    Phytoplankton alert level (cells L
-1
) 
Toxin 
group 
Phytoplankton species 
Wales and 
England 
Northern 
Ireland 
Scotland 
PSP Alexandrium spp. Presence* Presence* 40 
DSP 
Dinophysis spp. 100 100 100 
Prorocentrum lima 100 100 100 
ASP Pseudo-nitzschia spp. 150,000 150,000 50,000 
*Limit of detection = 40 cells L
-1 
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The monitoring program of harmful algae in near shore waters should be coupled to 
online data about inputs of nutrients such as phosphorus and nitrogen from 
freshwater, sea surface temperature, thermal stratification, thermoclines and tidal 
cycles and large-scale phenomenons like North Atlantic Oscillation (NAO) among 
others.   
4.2 Future toxicology aspects 
 
Wide numbers of potential toxins and metabolites in microalgae and marine 
organisms, including seafood, have been reported in recent literature and were also 
observed in this thesis. However, the toxic effects of these vast ranges of metabolites 
are currently unknown. Future risk assessment of new shellfish toxins should be 
conducted since the relative toxicity of each toxin must be known to determine the 
overall potential toxicity of the extract. In addition, as mixed toxins in shellfish may 
lead to a better absorption and accumulation, future research should take this aspect 
into account when evaluating the toxin accumulation in shellfish and other key 
seafood. Bioassay by mouse can be good alternative to obtained general information 
about toxic effects, however this method should full studied by oral and 
intraperitoneal injection. Another source of information is provided by accidental 
human intoxication, where enough material can be analyzed to calculate the amount 
ingested and their circumstances. A worldwide library with records of accidental 
human intoxication and studied could be a useful tool to obtain more information 
about the toxic effects of metabolites.  
4.3 Toxin identification and the impact of innovations in MS 
 
It is known that some lipophilic toxins have the same elemental composition and 
comparable structures, making an unambiguous identification very difficult. Indeed, 
solely based on the mass spectrum and chromatographic data, delivered by LC-
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HRMS, identification of unknowns would be uncertain and remain at the tentative 
level. An alternative would be to identify and differentiate toxins by providing 
specific fragments through hybrid HRMS (e.g. hybrid quadrupole Q-Exactive
TM 
Orbitrap-MS) or performing additional structural research with NMR. Furthermore, 
new approaches such as ion mobility spectrometry (IMS), integrated with HRMS, 
may allow to structurally define compounds by its capability of separating isomeric 
species based on differences in their drift times from IMS, which are linearly 
proportional to the collision cross-section (CSS), reflecting physical size and shape.  
Recent applications of HRMS have demonstrated its superior performance for 
screening and quantification of marine biotoxins (Garcia-Altares et al. 2014). 
Zendong et al. 2015 observed comparable results for quantification of targeted LMBT 
using QqQ, Q-ToF and Orbitrap. Indeed, LODs and accuracy were similar between 
systems, demonstrating the applicability of HRMS as an effective tool for screening 
and quantitative analysis. Rubies et al. 2015 successfully developed and validated a 
method using Q-Orbitrap to detect regulated LMBT in fresh and canned bivalves. 
Accurate mass data were obtained for the molecular ion and the selected fragments, 
providing an unambiguous identification of the selected toxins. Furthermore, this 
study defined eprinomectin as a suitable internal standard for LMBT. Chen et al. 2016 
reported a new successfully validated method by reversed-phase liquid 
chromatography (RPLC) and hydrophilic interaction (HILIC)–TOF/MS for the 
simultaneous screening of lipophilic and hydrophilic marine biotoxins in a single run 
in algae matrix. In addition, the use of an ultrasound-assisted extraction was explored 
as well. However, this methodology was less time-efficient with RT over 60 min. 
Nonetheless, this new method presents a valuable step forward in this research 
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domain. The next step for this method would be the optimization and application 
regarding shellfish tissue.  
4.4 General reflection 
 
From this thesis, it may be clear that one must be aware of a future of important 
accumulation of LMBT in seafood from BPNS, certainly within a changeable climate 
context, aquaculture plans and seafood demand. As such, measures should be taken to 
establish preventive guidelines and regulations, coupled to the European standards, 
like for example the United Kingdom, Germany, and Sweden. In this regard, 
implementation of monitoring programs of LMBT coupled to reliable technology of 
detection of marine toxins such as HRMS will have a critical role to fulfill the 
implemented guidelines and regulations. Hereby, optimization of routine analysis 
with simplified processes and gained accuracy are significant targets.  
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Accumulation of marine toxins in seafood displays several threats on food safety and 
public health around the world. Moreover, these accumulated toxins can reach toxic 
levels affecting not only humans but also poisoning or even killing marine organisms. 
Furthermore, threats become more complicated by the fact that most of the marine 
organisms are able to metabolize these toxins after absorption, yielding other 
potentially toxic compounds. So far, more than 200 lipophilic marine toxins have 
been reported worldwide. The situation is further complicated by the fact that seafood 
like shellfish may be contaminated by toxins from different toxin groups, and the 
effect of one class of compound on the absorption, distribution, metabolization and 
excretion of another class must be considered in determining the potential overall 
toxicity. These findings have raised several questions about targeted detection of 
toxins, and methods used due to their dependence on standard reference solutions. In 
this context, in-depth investigation on detection and profiling during accumulation 
and metabolization of lipophilic marine toxins is presented in this doctoral thesis. To 
this end, a metabolomics framework was established, which was mainly founded on 
the screening possibilities of HRMS analytical instrumentation. Then, the developed 
methodology was applied to study the local toxin status in the Belgian part of the 
North Sea (BPNS).  
Chapter I – In this chapter, a comprehensive overview is presented of the different 
toxin classes, their producers and the worldwide occurrence. Potential impacts of 
harmful algal blooms and its toxins are reviewed. During the last years, remarkable 
improvements of technology and new methodologies to detect marine toxins have 
been reported in Europe and globally. In this regard, new challenges are discussed 
here about extraction methods of toxins, technology limitations and discovery of new 
compounds in many different matrices. Finally, a summary is given on the 
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predominant analytical strategies that have been applied for the detection of marine 
toxins. Following the introduction, the conceptual framework and the aims of this 
thesis are presented.  
 In Chapter II the development and validation of a full-scan high resolution mass 
spectrometry method is described that enables the analysis of lipophilic marine toxins 
in shellfish. This analytical methodology was validated according to the European 
guidelines i.e. CD 2002/657/EC and includes accuracy, specificity, selectivity, 
repeatability, within-laboratory reproducibility, decision limit (CCα), detection 
capability (CCβ), linearity and ruggedness. Different species of shellfish were tested 
to study the applicability of the method. Fortified oysters, cockles and sword razors 
showed a good response. In general, the method showed to be better than the 
currently used reference MS/MS and Orbitrap HRMS methods in terms of precision 
and equal in terms of sensitivity.  
Chapter III- Here, the development and validation of a generic extraction protocol 
and a full-scan high-resolution mass spectrometric method for the analysis of five 
groups of lipophilic marine toxins in microalgae is described. The extraction protocol 
was successfully optimized by a Plackett-Burman experimental design. The targeted 
analysis was validated excellently according to CD 2002/657/EC. The excellent 
quantitative and screening possibilities and developed extractions were then 
successfully applied on cultured toxic microalgae.  
In Chapter IV prevalence of lipophilic marine toxins in different trophic levels of the 
North Sea was studied using the methods previously developed. Two main groups of 
toxins (i.e. OA and SPXs) were detected in most of the organisms analyzed. 
Although, concentrations of toxins detected were not exceeding the EU permitted 
levels in edible tissues, the findings raise questions about the potential toxicity of 
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several metabolites detected. This study showed for the first time the presence, 
accumulation, biotransformation and biomagnification of marine toxins in seafood 
from the BPNS. 
Chapter V – Considering the results in Chapter IV, here the uptake, distribution, 
metabolization and excretion of a mixture of the toxins by mussels, the key seafood 
item of the BPNS, was studied through both a laboratory and field experiment. 
Mussels were exposed to single and mixed toxin groups for a period of 15 days. Fast 
uptake, metabolization and excretion of toxins were observed in less than 3 days.  
Chapter VI – Here, a general discussion and recommendations for future research are 
presented. In conclusion, this doctoral study provided the successful methodology, 
extracting strategies and key instrumentation on profiling of lipophilic marine toxins 
in different matrices. In addition, the methods developed were used to study the toxin 
status in the BPNS and to prevalence of toxins in different trophic levels was 
demonstrated for the first time. A lab and field experiment corroborated these findings 
for mussels and provided more knowledge and data on the ADME processes. The 
final results in chapter IV and V clearly display the need for more information about 
unknown metabolites and its inherent challenges, in particular regarding the value of 
economic sectors at the coast and sea of the BPNS, incl. tourism, fisheries and 
aquaculture plans. 
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